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Preface
This book contains the proceedings of a conference held at Middleton Hall
Conference Centre, Gorebridge, Midlothian, Scotland, between 15th and 2Ist
July 1984. The conference was held under the auspices of the International
Union of Forestry Research•Organizations, working groups S2.01.00 (physi-
ology) and S1.06.00 (biological productivity). The Institute of Terrestrial
Ecology acted as host. The meeting was organized in liaison with Dr P. M. A.
Tigerst-edt of the University of Helsinki and Dr J. C. Gordon of Yale Univer-
sity, USA. The aim was to bring foresters, horticulturalists and agroforesters
together to review the major characteristics of trees that influence the ways in
which they have been, or could be, manipulated and exploited as crop plants.
The phrase 'attributes of trees' means that the focus was primarily on the
trees themselves rather than on their roles in land use systems. The phrase
'as crop plants' means that the focus was on those attributes of trees that
become important - as problems or advantages - when trees are domesticated
or manipulated, both genetically and by management, to yield products of
value to man. How do the size, longevity, life strategy, persistence and
structure of trees and tree stands (forests and orchards) influence the ways in
which they have been, and could be, exploited to yield wood, fruits, fodder
and extractives? I low could advantageous attributes of woody•perennials be
better exploited and what advances have been made to overcome disadvanta-
geous attributes? It should not be forgotten, on the one hand, that many forest
and multipurpose trees are still barely domesticated, and, on the other hand,
that cotton, once grown as a small perennial tree, is now cropped as an annual
and that, in tree fruit production and some types of forestry, there is a trend
towards shorter rotations and smaller trees with simpler structures.
The intention of the conference was to provide a forum for an interchange
of ideas, and perhaps a new synthesis of knowledge, rather than to elicit new
information, although many neW ideas were presented. Most contributors
were assigned their topics, and were asked to give an overview of the current
state of knowledge in their field, current thinking, key ideas or problems, and
their views on the way ahead. Whole voltimeS could be, and in many cases
have been, written on each topic covered, and contributors were forced to
take a broad-brush approach. The result is a series of reviews in tree biology
which will help teachers and researchers to keep abreast of developments in
fields other than their own, and which might also be of value to students. An
effort has been made to avoid or explain some of the jargon used by specialists'
to ensure that the book is of value to the widest possible readership.
The meeting brought together researchers who were concerned with various
kinds of tree crops, including forest plantations, fuelwood trees, fodder trees,
fruit trees, tea, rubber and tropical multipurpose trees. It therefore paralleled
those meetings of agricultural scientists in which discussions automatically
encompass crops as diverse as cereals, grain legumes, root crops and perennial
herbage grasses. The outcome was an all-too-rare opportunity to pool ideas
from horticulture, forestry and plantation crop research. Perhaps, inevitably,
there was a bias towards the trees of coniferous plantations and much less
emphasis on, for example, troPical plantation crops, but our approach was to
focus on the  aunbutes of tree crops important to all or many tree crop research
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scientists, rather than to attain complete coverage of each individual tree crop.
This approach forced us to identify the key issues, and it put a heavy onus
on the contributors. The topics we chose are divided here into six groups.
The first and largest group of topics concerned tree domestication, covering
some thoughts on the evolutionary history and life strategy of trees, the
domestication of multipurpose trees, forest and fruit tree breeding, vegetative
propagation and some views on the selection criteria and 'ideotypes' that
might be used by tree breeders. The second group concerned mainly the
vegetative structure of trees - the relationships and distribution of dry matter
among tree parts, cambial activity, branching structure, and the vegetative
products of fuelwood, fodder and extractives. The third group of topics
concerned tree root systems, mycorrhizas and N2-fixing symbionts, and the
important effects of trees on soils in the tropics. The fourth group concerned
the attributes of trees as producers of fruits and seeds, covering flower
induction, fruit set and the effects of flowering on the rest of the tree. The
fifth group concerned the special attributes of tree communities or stands,
including fruit orchard design, the characteristics of forest canopies and the
process of inter-tree competition. And, finally, we invited two viewpoints,
one from the developed and one from the developing world, on the economics
of future forest design andfuture markets.
At the -end of the conference, the participants were divided into five
discussions groups which were asked to outline the main issues, any omissions
in the review papers, points of contention, and priorities for future research.
Their reports are given at the end of the book.
The meeting received generous financial support from the British Council
and UNESCO that enabled many overseas participants to attend. It is also a
pleasure to thank Professor F. 'F. Last, Dr J. C. Bowman, Dr J. G. Torrey,
Dr P. A. Huxley, Dr R. Timmis, Dr I). T. Seal, Dr J. J. Landsberg and
staff of the Forestry Commission Northern Research Station for contributing
to the success of the conference. Special thanks are also due to our fellow
organizers, Dr.David Ford, Dr Alan Longman, Dr Roger Leakcy, Dr Lucy
Sheppard, Mrs Maureen Murray, Miss Carol Aitchison and Mr R. II, F.
Wilson. Finally, we thank ITE's director, Mr J. N R. Jeffers, and especially
Mrs Penelope Ward and Mrs Jean King of ITE for their painstaking work in
subediting and proof reading.
November 1984 Melvin G. R. Cannel!
John E. •ackson
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I. INTRODUCTION
This meeting ranges widely, and most speakers have been assigned nice, clear
subjects upon which to exercise their professional knowledge. I have not. The
word 'perspectives' in a title is usually an indication of a vague essay to follow,
and this paper is no exception. The fact is that our knowledge of the evolution
of tree crops is generally poor, and often negligible, but I thought it better to
try to generalize rather than merely to recite the better known cases.
WILpAND CULTIVATED
A crap is a plant cultivated to yield a useful product or products; likewise, if
a plant is grown for such a purpose it is a crop. Thus, ornamental plants
cannot reasonably be called crops, neither can wild plants of which parts are
gathered. All crops, thus defined, are in some degree domesticated; that is,
they have evolved under natUral, semi-natural and human selection pressures
in cultivation. The degree of genetic change, of courie, iraries profoundly
from very slight (eg in timber trees just becoming crops, at the first step of
domestication) to great (eg in some of the older fruit trees which may be far
removed in many characters from their wild ancesiors).
,Characteristically, wild sources of a product and domesticated populations
co-exist for a time (which may be long), but the normal final outcome is, one
suspects, that the crop ousts the wild source economically, maybe even wholly
3
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replacing it as the wild sources are lost. Thus, a few decades ago, timbers
such as many pines, spruces, eucalypts and teak were harvested from the
wild; nowadays, wild stands and early domesticates co-exist and both are
exploited; in another few decades, the products will probably be purely
cultivated. Sugar and starch (sago) palms, some tannins (Acacia),and diverse
fruit, nut and drug plants are probably in much the same position. If they
survive at all it will probably be in cultivation. Likewise, many tropical
hardwoods, now only gathered, will have to become crops if they are to
survive in useful quantity.
The many tree crops that are further along the way to complete domestica-
tion yield a great diversity of products. They include, for example: a multitude
of fruits and some nuts, temperate and tropical; oils from coconut and oil
palm; flavours from clove, nutmeg, pimento and betel nut; stimulants from
coffee, tea, cacao and coca; drugs from quinine and coca; fibres from coconut
and kapok; and rubber from Hevea. These plant's vary widely, from recent
domesticates such as Hevea and Elam (which co-existwith well-defined
wild sources, but have become dominant economically) to others which are
sufficiently old, altered and widely travelled that their wild sources arc quite
doubtful. Thus, much uncertainty attaches to what wild plants gave rise to
coconut, tea, breadfruit, citrus, mango, and even whether they still exist. The
problems are exacerbated by bad taxonomy: up to 150 'species' have been
proposed in Cirrus, and even the more conservative 15 or so names which are
commonly used contain some 'species' which are merely clonal cultivars. It
is usually sensible and informative, when dealing with crops, to abandon
conventional taxonomy, and to use Latin names only for unambiguous wild
species, and an informal, genetically based terminology for the cultivars. To
do so at least forces attention on the all-too-rarely asked question: what is
truly wild and what is cultivated?
III. EVOLUTION
A. General
A list of what might be regarded as the main tree crops is given in Table I.
It is based mainly on Simmonds (1976) and the contents are, to some extent,
arbitrary. Many more minor crops might have been included, and I have not
even tried to list the numcrous tropical shade and browze trees which are
nowadays exciting so much interest (eg Gliricidia, Erythrinaand Leucaena).I
have excluded, also, woody plants which can be tree-like but are more usually
shrubby and/or short-lived (eg papaya, castor, cassava, cottons and coca).
To generalize rather widely (on what is admittedly often imperfect knowl-
edge), nearly all are outbreeders, either wind or animal pollinated, and some
are self-incompatible (eg cacao). The great majority are diploid by origin, and
have remained so in cultivation. Exceptions are mulberry (with a spectacular
2n = 22x = 308), the allotetraploid Coffea arabica,some kapok, some forms
of Prunus (up to 6x), and odd polyploid clones of breadfruit and poplar.
Arabica coffee is interesting, because it is one of the very few inbreeders
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in the list — an allotetraploid relative of outbreeding (presumptively self-
incompatible) diploids. That C. arabscais an inbreeder was a critical element
in the history of the crop, enabling it to pass through the extreme bottleneck
of one or a very few plants during its transmission to the New World. The
peach is also tolerant of inbreeding, or at least much more tolerant than other
Prunus 'species'.
B. Places and times
Table I is set out geographically. Tropical outnumber temperate entries, and
by a large margin if temperate plantation timber trees are excluded. All the
continents have contributed, Eurasia and America the most, Australasia the
least. Broadly the same is true for herbaceous crops. Centres of cultivation
are sometimes far removed from origins, with coffee, oil palm and rubber
being the most striking examples: in each of these cases, the main area of
cultivation is in a different continent from the botanical source.
As to ages, some crops have certainly been in cultivation for several
millennia (for example, the olive and many temperate Eurasian fruits and
nuts) and many more probably have been (eg the leading tropical fruits). At
the other extreme, rubber, oil palm and most of the timber trees are recent
crops, all having been 100 years or less in cultivation. Among the timber
trees, Cryptomeriaand some poplars are exceptionally long established as
crops.
C. Selection pressures
Given that the tree crops yield very diverse products, it is certain that selection
pressures during their evolution must also have been diverse. First, there
must have been some natural selection for growth or even for survival in new
habitats, for example tolerance of heat, cold, drought and wetness. Second,
there must also have been semi-natural selection for survival in the socio-
agricultural circumstances in which they were grown, for example ease of
propagation, appropriate seed dormancy, wind-fastness, tolerance of fire and
grazing animals, responsiveness to local soil conditions and competition. And
third, there must have been conscious human selection for desired characters
such as large, sweet fruits, non-toxic constituents (as in mango), high contents
of desired constituents (such as oils, alkaloids, aromatics, latex), good flavours
in the fruits, nuts and beverages, small size and non-spininess in fruit trees,
but large, straight stems in timber trees. Finally, as a fourth category, we
should add correlated responses to selection, which take the form of reduction
of plant parts other than the desired part or parts. This idea is familiar and
fairly well established for annual crops, and is of growing concern to students
of trees. In the annuals, the effect is apparent as a changing harvest index (or
partition ratio). Thus, in potatoes and cassava, flowering and fruiting . have
declined as tuber yield has risen while, in the small-grain cereals, a decline
of straw from around 67% to about 50% (at roughly constant biomass) has
1. Evolutionary history of tree crops
occurred in recent decades. There must have been similar processes at work
in the tree crops. Table II presents a rather speculative interpretation for a
range of tree crop types.
TABLE Il. Selection pressures in various tree crops
Examples Rooi Stern Branch Flower Fruit Seed. 
Coffee, cacao 1 1coconut
Oil palm 1
Breadfruit, 1fig, pomes
Tea 1 1 1
l'atexj '•:Rubber i 1 1 1wood 1: • :
Timber tree ? ; 1 1 .1
Asterisks* indicate the desired product for which selection is practised. Arrows indicate probable
directions of correlated responsesin sizeor numbers of other plant parts.
We have a few concrete examples of correlated responses, as follows (and
no dciubt there are many more of which I am unaware). In coconuts, the
trenki is towards Semi-dwarf, precocious high yielders, analogous with the
cereals (although I have not been able to find estimates of partition ratios).
Oil palm breeders are tending to favour a high bunch index, especially as it
may favour growth in dense stands (Hardon  et al:  1985). In rubber, there is
evidence of reduced wood increment as rubber yields rise (Simmonds 1982)
and evidence also that rubber (the material itself) is biologically far more
costly than simple efieigetic consideiations would suggest. Cannell (this
volume) makes a similar point about tea. In cacao, Glendinning (1966) has
shown that high-yielding families are those that grow fast when immature,
but slowly when in full bearing, because fruits compete with vegetative
growth. From Glendinning's data on two experiments in Ghana, we have, for
example:
(1) Y = 3.33+7.19D-2.29G and  (2) At =  10.99+2.2ID— 1.34G
where Y is yield of beans, D (positive coefficient) is immature stem diameter
and G (negative coefficient) is growth increment of stem diameter in full
bearing. Thus, harvest index has three interesting aspects: (a) it can be thought
of usefully as an aspect of correlated response to selection, (b) once recognized,
it must be of interest to both evolutionist and breeder, and (c) quantitative
study should reveal useful ideas on the 'biological cost' of substituting some
plant parts and constituents for others.
The term ffiarvest index' nearly always refers to above-ground parts of
plants, simply because these are relatively easy to measure. Our ignorance of
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root systems is a recurrent theme in this book, and it will be noted that I had
to write queries in every cell of the first column of Table II. We simply do
not know whether root systems have shown correlated responses to selection
for above-ground plant parts. That the permanent roots of trees constitute a
substantial fraction of total biomass is certain, but the magnitude of turnover
of fine roots is usually unknown. To be able to include roots in an understand-
ing of biomass partition, and correlated evolutionary response, would be a
valuable step. Reciprocal grafting experiments with phenotypically contrasted
genotypes, coupled with root studies, could be a useful point of entry into the
problem.
Finally, I must mention an evolutionary trend among thd fruits selected for
an edible pulp, a trend which may reflect conscious selection and/or correlated
response. I refer to a reduction of seediness, and a tendency to replace the
stimulus of developing seeds for fruit growth by an autonomous stimulus,
namely parthenocarpy (see Browning, this volume). The bananas are the best
example (Simmonds 1962) and in no other fruit (I think) is parthenocarpy so
highly developed. But it occurs, to some degree at least, in the pome fruits,
citrus and grape. In the fig and breadfrifit, an analogous behaviour produces
seedless infructescences, which reflects a functional parthenocarpy (even if,
strictly, it shOuld not be called parthenocarpy). Unfortunately, fruits, other
than the banana and fig, have been too little investigated to allow generaliz-
ations as to the kind of parthenocarpy encountered (vegetative or stimulative)
and its genetic control. Along with this tendency to reduced seed fertility in
fleshy fruits, there are various other reproductive derangements such as
apomixis/polyembryony in mango and citrus; their evolutionary status is
unknown. More generally (see Table II) some decline in flowering, fruiting
and seed fertility would be expected in any crop seleCted for a vegetative
product and, indeed, one encounters hints that jusi this occurs in tea and
rubber. In timber trees, where seed is taken from wild sources, there is, of
course, a risk of just the opposite effect, namely of selecting for seed fertility
to the disadvantage of subsequent wood production. Ultimately, breeders of
all crops that produce a vegetative product must be prepared to encounter
infertility problems as consequences of preceding 'success.
D. Breeding
Plant breeding is the current phase of crop evolution, and the plant breeder
is, in effect, an applied evolutionist. The breeding plans of a crop are
dominated by the natural breeding system, and by the available modes of
reproduction. These factors circumscribe what the tree crop breeder can do,
because (a) tree crops are outbreeders (Arabica coffee excepted), so any high
degree of inbreeding is forbidden by inbreeding depression; (b) with trees
being perennials, clonal propagation is always a possibility which may or may
not be realizable in practice; and (c) if clones are not (or cannot) be adopted,
breeding must be carried on by one or other of the innumerable variants
of mass selection, parental selection with progeny testing, construction of
synthetics, interpopulation crossing and so on, that are available (Simmonds
1979; Bridgwater & Franklin, this volume).
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Of the crops listed in Table I, the more important dicotyledonous agri-
horticultural tree crops are often clonal (the fig, the rosaceous fruits, mango,
citrus, avocado and breadfruit) or jointly seedling-clonal (tea, coffees, mango,
avocado, cacao and rubber), and are rarely still wholly propagated by seed
(olive). The lesser crops in this category (guava, cashew, and many other
nuts) are mostly seedling propagated. The timber trees are, with the notable
exceptions of some poplars, and somePious radtcaa nd Gtyptomeriajaponica,
still all seed propagated (but see below, and Leakey, this volume). The
monocotyledonous tree crops, the palms, arc (with the exception of the clonal
date and sago, which sucker) perforce grown as seedlings.
The intensity of breeding effort varies very widely. The minor non-timber
crops have had little or no attention beyond local selection of the odd favoured
clone or mother tree. The rosaceous fruits have had a fair amount of effort
put into them, but without much success: with few exceptions, old clones still
dominate (Alston & Spiegel-Roy, this volume). Tea, coffee, quinine, cacao
and coconut have all been the subjects of fairly effective breeding, but the
real success stories have been oil palm and rubber in south-east Asia, both
responsive to the powerful economic pull of efficient plantation industries.
Over the past decade or so, the opportunities inherent in in vitro multiplica-
tion of clones of trees have become apparent, though not yet, I think, adopted
on any substantial practical scale. Such multiplication is, of course, well
established and practised on an ever-increasing scale in diverse herbaceous
crops and ornamentals. In essence, the prospect for trees is to generate in vitro
large numbers of clonal propagules of plants that either cannot be cloned by
conventional means (oil palm, coconut), or are difficult and/or slow and
expensive to propagate in this way (many timber trees). The prospect is
attractive, because good clones ought to be at least a little better than good
seedling populations of outbreeders. The margin may not be great, however,
, (or e'asy to estimate), and one should be cautious of over-optimism. Further-
more, mere clonal propagation is only the first step; most clones are poor or
indifferent, and only intense selection among large numbers, and prolonged
trials, will identify the really superior ones. It will be interesting to see whether.
the 30% yield advande predicted by Hardon et al. (1985) for oil palm clones
is readily achieved. It may be that specification and uniformity of product are
at least as important as yield, in this crop (and in others).
The technical problems of in vitrocloning are not easy to solve. In dicotyle-
donous trees, the maintenance, tooting and multiplication of organized meris-
tems in.vitro are sometimes, for reasons yet unknown, rather difficult, but
if/when achieved, the products should pose no problems of genetic integrity.
In ihe unbranched palms, meristem culture is infeasible, and recourse must
be had to multiplication through a disorderly callus phase which incurs the
likelihood of induction of undesirable (and yet still mysterious) genetic
changes, now generally referred to as 'somaclonal variation' (Larkin & Scow-
croft , in Kosugeet al. 1983). The prospects for stable propagation of oil palm,
however, seem to be good (Jones .1983) and, no doubt, refinements of
technique will lead in time to clonal propagation on a commercial scale of
both palms, and the timber trees, in which it has not previously been possible.
The need for diversity of clones, as an escape from the pathological hazards
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of monoclonal planting, is widely accepted. But the important question -
'how many clones is enough?' - cannot yet be answered.
Finally, I wish to make a few points about breeding objectives and ideotypes.
The object of all plant breeding programmes, without exception, is the
production of populations that are more profitable to grow than their predeces-
sors. Yield is an important, often dominant, component, but it is always
accompanied by other characters which must, somehow, be integrated into the
successful, economically and biologically 'balanced genotype'. This necessity
suggests the use of economic index selection, which rarely appears explicitly,
but is certainly inherently present in the intuitive indices that are universally
adopted (Simmonds 1979).
Donald (1968) proposed the term 'ideotype' as a morphological (or morpho-
physiological) model of a small-grain cereal that should maximize yield. All
plant breeders have some vision of the sort of plant they are trying to breed,
and no knowledge of one's crop is ever amiss. But 'ideotypes', however
interesting, have not been notably useful in practice. Intense selection for
yield, and other characters, in diverse materials, generates complex correlated
responses and diverse products. In general, there is no one 'ideotype'. At the
component character level, again, none dominates, and numerous suggestions,
to the effect that selection for this or that character should advance yield, have
all failed. The only way so far known of advancing yield is to select for yield.
The 'ideotype' is not the same as the breeding objective; this usage goes
beyond Donald's and ignores the fact that several different plant forms may
be successful. More generally, morpho-physiological ideas have been useful
in interpreting post hocwhat breeding has already achieved, but have not been
notably successful in guiding breeding practice. Evans (in Gustafson 1984)
goes so far as to describe crop physiology as 'the retrospective science'. This
may yet change, of course.• But, to be really useful, physiological parameters
would have to be Measured quickly and cheaply on very large numbers of
plants, as well as be reasonably highly correlated with yield and devoid
of undesirable negatively correlated responses; The harvest index certainly
changes in many crops as a correlated response to yield selection, but it is
• harder to measure than yield itself, and of no evident use to the breeder.
Perhaps tree physiologists could usefully take a retrospective look at contrasted
high- and low-yielding tree populations (including their root Systems).
Most agricultural crop breeding has a rather specific socio-agriCultural
environment and end use in view. The single purpose dominates, even if
there are by-products. There are signs that tree breeding is moving the same
way, for example to pulp, particles or sawnwood, as separate objectives in
conifer improvement programmes/ This must be economically sensible (Elli-
ott, this volume). In the context of tropical agroforestry (Huxley, this volumi),
the multipurpose tree is prominent at the species level. But it cannot be
doubted, I think, that, as agroforestry species are developed, divergence into
populations specialized for specific end uses must emerge. Indeed, the trend
is already evident in one of the most prominent agroforestry species, Leucciena,
where thc need for diverse plant forms adapted to hedges, browzing, fodder
production and timber is already clear. The multipurpose tree will no doubt
be with us for decades, but it must, in the longer run, be replaced by diverse,
few- or one-purpose bred varieties adapted to socio-economic needs.
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IV. THE FUTURE
It will be clear that our knowledge of the evolution of the tree crops is, with
a few exceptions, still rather poor; annual crops are quicker and easier to
study, have had far more attention, and are generally better known. We are
now, however, at least far more conscious of trees, of their interest and
importance, than we were only a decade or two ago. There are six points to
make.about current trends and likely future developments.
I. Improved evolutionary understanding must be based upon two things:
(a) unambiguous identification of truly wild materials as reference points,
and (b) comparison of wild with cultivated forms, in respect of diverse
morphological, chemical and physiological characters. Only thus can we
identify the critical correlated responses hinted at in Table II, which must
also be useful elements in framing future breeding programmes.
2. In those relatively few tree crops which are already subject to breeding,
refinements of technique (eg in vitro cloning), and the use of larger breeding
populations, are likely to be important. The latter is so because 'genetic
progress is roughly related to the log of the number of genetic entries - other
things being equal, thc bigger a programme, the better (but not linearly).
Sugar cane breeders collectively raise severalmillionseedlings per year.
3. No doubt more crops will be taken into breeding programmes and, trees
being what they are, the sooner the better. Beyond a little bit of clonal
selection, the tropical fruits have been sadly neglected, despite their socio-
economic importance.
4. The general subject of tree crops is widening fast, not much maybe in
the traditional fruits, nuts and spices, but rapidly in the timber trees, in the
agroforestry species, and in that ill-defined group of plants that we hardly
know we want (jojoba comes to mind). Agroforestry ideas (eg Huxley 1983)
seem to be of peculiar •importance for the development of stable farming
systems,in the wet tropics, yet much tropical agricultural research virtually
ignores trees (Watson 1983).
5. Following from (4), I have frequently been impressed by how incomple-
tely the tropical tree crops are distributed. One can travel in Asia without
seeing avocados, in Africa without seeing breadfruit, and nearly everywhere
without seeing pechibaye. A basic activity to exploit effectively these marvel-
lous plants seems to me to be simply to set up a distribution programme so
that, at many sites in every continent, a good range of genotypes of each of a
hundred or two useful trees is actually there and growing. It is certain that
useful research on exploitation cannot be done without such a resource. I am
talking about old-fashioned botanic gardens kind of work - simply competent
horticulture. The difficulties posed by plant quarantine obstruction should
not be underestimated: it would be a difficult task, however worthwhile. Yet
is would be immeasurably better to get the species and selected genotypes
introduced widely on a systematic basis rather than ad hoc,with years of
delay, when the needs were apparent. I can think of no simple activity more
conducive to the beneficial evolution of tree crops.
6. The practical need to force the evolutionary pace of an ever-widening
circle of tree crops by breeding is therefore plain. To back up the effort, in a
time when natural vegetation is being destroyed, and the genetic base is being
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narrowed in cultivation, there is plainly a need to conserve genetic resources,
and this need is now widely accepted. To conserve existing crops is not
difficult in principle, even if costly; methods are available and techniques arc
improving. But what of the prospective crops mentioned under (4): those
plants that we do not yet really know we want, and for what purpose? In situ
conservation may do something but, alas, probably not much. I think that,
as a society, we have not yet properly understood the scale of need for genetic
conservation of potentially useful plants, including the trees that are not yet
crops. The activities outlined .in (5) would themselves constitute a modest
contribution to genetic resource conservation. The best place for conservation
is in cultivation.
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I. INTRODUCTION
The term 'multipurpose tree' (MPT), in this paper, refers to woody perennials
that are purposefully grown to provide more than one significant contribution
to the production and/or service functions (eg shelter, shade and land sustain-
ability) of the land use systems they occupy.
There are many similarities between the methods used to select, manage
and evaluate MPTs for agroforestry and trees used in forestry or agriculture.
There are, however, some differences that arise from the need to consider
multiple outputs, and from rhe complexity of the plant associations. This
paper concentrates on outlining the effects of these differences.
Ecologists, and those familiar with natural or integrated forms of land use,
are well able to conceptualize the characteristics of complex systems involving
species mixtures that include woody perennials. There are, however, many
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scientists and technologists trained in 'conventional' agriculture or 'industrial'
forestry, who have now become interested in agroforestry, but who may not
be so familiar with the problems involved. It is mainly to this audience that
this overview is addressed.
There is a very wide range of uses for MPTs (von Carlowitz 1984) and a
great diversity of agroforestry land use systems (Nair & Fernandes 1984). The
selection, management and evaluation of MPIs -for any one of these uses or
systems always involve a consideration of the tree itself, sometimes the tree
as a crop plant, and often its association with other speCie. Thus, the
resolution of management alternatives and any research objectives requires
answers to the following questions: (a) 'What species arc most suitable for
any particular agroforestry land use system?' (b) 'How many of them are
required per unit area of land?' and (c) 'How should they be arranged and
managed?' The subject areas concerned with finding the answers to these
questions are discussed in the three sections that follow.
II. KEY ISSUES IN SELECTING, MANAGING AND
EVALUATING MULTIPURPOSE TREE SPECIES
A. Some characteristics of the genotype
-
Choosing an MPT genotype for a particular agroforestry application often
involves difficulties, owing to the need to rank the required outputs, as well
as to consider potentials for environmental resource sharing with other kinds
of crop species. As yet, some of the basic information on which to base a
choice is little known for many, if not most, Aui-species.
Some important characteristics to consider are: (a)general growth, flowering
and fruiting attributes, which include Specific morphological attributes, dry
matter distribution as affected by genotype, fruiting and environment, and
phenological characteristics; and (b) adaptability, which includes overall
genetic fitness or flexibility, ecophysiological considerations, and genotypex
environment interactions.
Some of these topics have been addressed fully elsewhere (eg Ledig 1983;
Huxley 1983a,b, 1984) and only key topics will be dealt with here.
I. Specific morphological attributes
Although general descriptions of growth and form are available for all MPT
species, there is often inadequate information at the provenance level. Further-
more, no really detailed investigations have yet been carried out on the
morphological basis of growth, in the way that has been so helpful for some
of our more important tree cash crops. For example, in coffee, early studies
on the different behaviour of particular buds provided a sound, predictive
basis for shaping and pruning the tree (van der Meulen 1939). Only simple
dissection techniques were needed'to obtain this information.
2. Source-sink relationships and fruiting
In woody perennials, the onset of a fruiting cycle (floral initiation to seed and
fruit maturation) has effects on both the current and subsequent seasons'
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growth and development. It has long been known that the presence of fruits
can enhance carbon assimilation (Neales & Incoll 1968) and that fruits and
seeds are highly competitive sinks. Consequently, the manipulation of flower-
ing and fruiting is a powerful tool to alter the distribution of dry matter in an
MPT. The proportions of different outputs can be changed by encouraging,
regulating or eliminating the fruiting process.
With the exception of some edible pod-bearing leguminous trees, such as
Prosopis and  Acacia,  there are few species of MIYI's that have been subjected
so far to any intensive breeding in which fruiting has been a criterion. Most
MPT genera have been selected using simple species and provenance trials.
Leucaena has been subjected to fairly rigorous selection and, latterly, to inter-
species crossing, in order to select fuelwood or fodder types (Brewbaker 1980,
1982) or genotypes that will grow in acid soils (Hutton 1981). A characteristic
of  Leucaena is its early and prolific flowering, yet  Leucaena is not widely grown
for its fruits. The litter of pods and seeds that form under  Leucaena provides
mainly a 'service' function which could better be provided by leaf litter,
particularly as unwanted seedlings have to be rem% ed. It might therefore be
advantageous to select types which flowered less prolifically.
One scarcely studied aspect of source-sink relationships that warrants
consideration is the spatial relationship between carbon assimilation sources
(leaves or bracts) and fruits. Cu-tracer studies on woody plants have shown
that assimilates can be transferred to developing fruits, not only from subtend-
ing leaves, but also from adjacent ones both up and down the stems (eg for
coffee, Cannell & Huxley 1969). The extent to which this transfer occurs no
doubt varies with species, the numbers of developing fruits at any site, and
the stage of fruit growth. However, it seems a reasonable working hypothesis
that fruits that are 'adequately provided' with source leaves might develop
bes; and be less of a drain on stored carbohydrates and main canopy leaf
sources. If we are choosing MPTs for their ability to provide fruits and/or
seeds reliably, source-sink proximity might be a selection characteristic to
consider. There are numerous ways in which flowers and fruits can be disposed
in relation to the leaves (Fig. 1):
3.  Overall genetic fitness or flexibility
When selectingM PTgermplasm, we need to consider whether the objective
is to satisfy a generally adaptive set of criteria, in a range of various types of
agrofdrestry land Aisesystems, situated perhaps in an environmentally diverse
area, or whether the aim is to select critically for a particular system, in either
one or a closely cOmparable set of systems. .
Ecological flexibility is an attribute of a particular pool of germplasm, and
individual genotypes may or may not have the ability to flourish outside the
environments in which they are well adapted (Pickersgill 1983). Individual
species or cultivars may exhibit a narrow or broad adaptive capacity, irrespec-
tive of how heterozygous they are. The ability of a genotype to grow in a
range of different environments will depend on how far particular adaptive
anatomical, morphological and physiological characters of the phenotype can
be modified in response to changes in environmental variables.
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FIGURE I . Different ways in which inflorescences and fruits (assimilate sinks) can
be disposed relative to nearby leaves (assimilate sources) on woody plants.
A. Shoot apex ends in inflorescence without leaves.
B. Shoot apex vegetative, lateral inflorescences (single flowers) subtended by numerous
leaves.
C. Single terminal flower, supplied by whole of leafy shoot below.
ID. Single flower arising from a lateral, and supplied from leaves above and below a
main shoot  (Monadora mynstica,  Annonaceae).
E. Shoot apex vegetative, inflorescences many-flowered and lateral, each subtended
by a single leaf only  (Combo-awn temapettalatwn).
F. Single or few-flowered lateral inflorescences on lateral shoots that themselves remain
vegetative  (Grezvia,  Tiliaceae).
G. Inflorescences borne on 'short shoots' among leaves  (Tenninalia,  Combretaceae).
H. Inflorescence borne alone on 'short shoots', leaves borne on othcr short shoots
(some species in Anacardaceae and Burseraceae).
4. Ecophysiological considerations
(a) Survival  and  resource sharing mechanisms.  Many of the attributes for
adaptive change, and the capacity a plant has for 'expressing them in response
to changes in the•environment, will have evolved from a need both to ensure
survival  and to develop  competitively in plant associations. Once an evolutionary
trend has established some sPecialized plant modifications — in the form of
either a survival mechanism, or an enhanced ability to compete — the plant's
capacity to adapt to another set of environmental conditions may have been
diminished.
For example, various adaptive structures have evolved to reduce water loss
from leaves in arid environments, without which the plants would not survive
prolonged periods of drought. Such leaves are very different in character from
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those of many plants which have evolved in wetter conditions, where plants
can grow closer together, and where the major limiting resource may be
light. In such circumstances leaves are aggiessive organs, adapted to shade
competitors, and the plants may respond rapidly to shading by producing
leaves with greater specific leaf areas. This phenomenon is seen to a high
degree in many species within the Cucurbitaceae, but it is clearly a feature
which puts them at a disadvantage when water is in short supply. Conversely,
arid land plants with thick leaves will be at a disadvantage in plant associations
where the other species have leaves which readily respond to shading.
General adaptability, therefore, becomes a matter of being relatively non-
specialized, as distinct from specific adaptability, which derives from morpho-
logical, anatomical and physiological specializations which are the result of
evolution towards genetic fitness. When choosing MIYI' species, we need to
be aware of their 'adaptability', and ideally to have some idea of the structural
and physiological mechanisms which they have evolved to become adaptable
in natural communities.
(b)  Potentials for exploitation. 'Success' in any plant community can be defined
as the ability of a genotype to increase in numbers. This ability may depend
more on a plant's capacity to acquire a greater share of the available environ-
mental resources than cohabiting species, rather than on its more positive
modifications which fit it to a specific environment. The implications of this,
in terms of selection for particular products or attributes, are rather important,
and we need to apply the lessons learnt with other crop plants. For example,
Coffea arabica, at  its centre of origin (Ethiopia), is found as a successful
understorey shrub, producing, under relatively shady conditions, only a
modest number of fruits per tree. Removed from its natural habitat, it has
been found to yield much more prolifically if grown in full sun, as long as it
is provided with high levels of plant nutrients. There are many other examples
of a similar nature in which the attributes for 'ecological success' tend to
obscure the potentials for exploitation by man.
S.  Genotype xenvironment interactions
If the limits of, and reasons for, adaptive behaviour in MPT species are to be
understood, a common set of critically evaluated MPT species/provenance
trials, conducted in a suitable range of environments, is required. Experience
to date with the major agricultural crops, and with provenance testing of forest
tree species, establishes a clear indication of both the necessity and the
magnitude of this task. Some attempts to undertake species/provenance t sting
are now being made by the Nitrogen Fixing Tree Association, the National
Academy of Sciences, FAO, and others.
With MPTs, there is the added difficulty that a significant G x E interaction
may be established for one yield output, but not for othcrs, especially if two
kinds of harvest come from competing sinks, such as fruits and wood. Plants
may respond minimally in terms of overall vegetative growth to a small change
in environment, but the flowering/fruiting process may be markedly affected
(eg by a change in night temperature, Huxley & Summerfield 1976).
At present, the selection of MPT germplasm is done mainly at the species
level. Selection on the basis of provenance trials is under way, but tree
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breeding programmes are needed to exploit the huge genetic variation that is
available (Felker  et al.  1981; Burley  et aL  1984). The breeding programmes
on  Leucaena leucocephala (which is mainly inbreeding, unlike most MPT
species) have provided two types of plants — mainly fuelwood types (eg cv
`1C8') and mainly fodder types (eg cv 'Peruvian') (Brewbaker 1980). The
extent to which different yield objectives are separated clearly affects the rate
and degree of genetic gain, as well as the outcome of any (;x E interactions.
6.  Sekction index procedures
In the initial stages, it may be satisfactory to select MITI's subjectively by eye.
But if we are objectively tO select for several outputs simultaneously, it may;
become desirable to devise 'selection indices' like those used in agriculture
(eg cotton, Manning 1956; Walker 1960; Arnold & Innes 1976). However, a
lot of genetic information is needed to be able to weight each trait correctly.
Simpler multitrait selection procedures could be used in which different end
uses were listed against climatic designations or ecozones. Such two-way tables
could include simple within-table ranking schemes, but they would have
limited value where there was a high level of Gx E interaction for particular
traits. Furthermore, it must be remembered that the users themselves will
establish a different ranking order, according to the land use systems in
which the MPTs are grown. Therefore, a simple ranking scheme for user
requirements will have to be incorporated. This could be done, at least
partially objectively, by using a field diagnostic procedure such as ICRAF's
'Agroforestry diagnosis and design' procedure (Raintree 1985; ICRAF 1983).
Developments in vegetative and micro-propagation will clearly assist in
the rapid dissemination of MPTs. Although foresters are wary of clonally
established plantations, it should be remembered that most of the world's
temperate and tropical tree fruit industries have been based on selected clones.
MPTs may be used in lower-input land use systems than fruit trees, but many
Mrs are fast-growing, and mature rapidly, and it would be possible to
establish MIYI' breeding centres which could provide a succession of suitable
germplasm (with pest and disease resistance) as needed.
B. Attributes contributing to land sustainabiLity
I. Sml changes al the microsite
Species of woody perennials can differ very considerably in the extent to
which they modify the soil, and in the time taken to bring any changes
about. The tree's ability to change the microsite will itself be modified by
management, particularly pruning, and by any removal of plant materials. A
great number of variables, and their interactions, must be considered in order
to estimate changes in the complex space-time arrangements of a mixed
cropping agroforestry system (Huxley 1982).
Tropical broadleaved myrspecies generally possess a potential for benefit-
ting the microsite but, again, to various degrees. They may, therefore, be of
differing values in agroforestry systems where land sustainability has a high
priority. As yet, little is known about the tree characteristics that contribute
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to `land sustainability'. For example, in India, the indigenous species Prosopis
cineraria is commonly found on farmers' fields in Rajastan, where it is nurtured
because of its favourable effects on the microsite, but the introduced species
Prosopis juliflora  is not so beneficial. In Africa,  Acacia ctIbida is similarly well
known for its favourable effects (Felker 1978) and, in Central and South
America, genera such as lnga  and  Calliandra behave similarly. Other examples
are species of  Gliricidia, Erythrina, Acrocatpus and  Sesbania, as well as
numerous other leguminous species, and non-legumes such as  Grevillea,
Terminalia and  Alnus.
Not all woody species improve the status of the soil around them. Many
gymnosperms, as we well know, produce a iesinous and slowly decomposing
leaf litter that can impede soil reactions. Eucalypts also deposit a litter of
resinous leaves that can form a close-lying mat that may inhibit understorey
growth and, on sloping land, encourage water runoff. A few species of higher
plants are known to produce root secretions that inhibit 'the growth of
associated plants (eg guayule produces trans-cinnamic acid, Bonner & Galston
1944). More obscurely, there are many different kinds of organic compounds
that can accumulate from the decomposition of plant residues with adverse
effects on associated species (Friedman 1983; Kozlowski & Huxley 1983;
Shang-Shyng & Hsi-Hua 1983). There may also be specific replant problems
following the cultivation of certain species, as have been reported for several
fruit trees,  Stylasanthes (a  perennial fodder plant) and Arabica coffee.
Agroforestry systems are often promoted because of their implicit 'land
sustainability' characteristics (Lundgren 1982). It seems essential, therefore,
to establish the relative potentials for achieving this sustainability possessed
by the 50 or 60 woody species that, at present, are considered to be highly
promising candidates for different ecozones (from among the many hundreds
of species that have so far been listed as 'possibles'; Burley  et al.  1984).
2. AfP7's  and land system sustainability
The generalities, and sometimes illusions, that 'trees improve the soil' need
to be replaced; for individual MPT species, by critical experimental evidence
of the kind that facilitates extrapolation to other sites and management
conditions (Young 1984). We need also to assess the effect of removing
relatively large amounts of biomass from the site, because this is often implicit
in many proposed agroforestry production systems.
Woody species are often (but not always) deeper rooted than forbs or grasses
and may, therefore, be extracting nutrients from lower soil levels and recycling
them in litter. This process has very significant ecological effects over long
periods of time in natural ecosystems (eg Golley  et al.  1975) and in systems
of shifting cultivation (eg Kuile 1984). However, the timescalcs for any
required improvements in most managed agroforestry systems are relatively
short, and the nutrient cycles are not 'closed'. There is also considerable
evidence in the tropics for an inexorable decline in soil fertility, under both
continuous agricultural cropping and plantation forestry, which suggests that
most high-output systems cannot provide sustained yields without the addition
of nutrients. Agroforestry schemes which purport to be able to remove,
annually, very large amounts of biomass from the sites, without the addition
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of nutrients, need to be treated with some scepticism. The amounts, location
and rates of off-take and replenishment of nutrients need to be studied before
such systems can be considered viable in the long term.
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FIGURE 2.
A. Hypothetical response surface showing changes with time in soil fertility using
cropping systems with different proportions of agricultural crops and soil-enriching
multipurpose trees. The horizontal axis represents a 'replacement series'.
13. A similar hypothetical response surface showing the output of useful plant products
(from Huxley  1983b).
3.  Sustainabilitv in mixed cropping wiih A wn
When growing MPTs with agricultural crop species, there will be a compro-
mise between the level of productivity (from all contributing species) and the
sustainability of the system. In any system, the latter may depend predomi-
nantly on the tree species- being used and their number per unit area. How
then can we consider what proportions of tree and agricultural crops should
be grown?
A model for evaluating existing data is given in Figure 2, which shows
changes with time in soil status using tree/agricultural crop combinations, and
corresponding changes in the output of useful plant products: Such a model
can provide only conjectural solutions at present, because  we  can only guess
at the values and, indeed, the shapes of the curves, but like most models, this
one exposes the priorities for research.
C. Some tree management considerations
Cannel! (1983a) has discussed a whole range of management options in
agroforestry. What follows here is confined to some aspects of pruning.
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I. Pruning  and the manipulation of vegetative growth and fruiting
Woody perennials lend themselves to relatively precise forms of structural
manipulation which are usually undertaken to  (a)  change or moderate stature
and form, and (b) regulate the proportion of different parts such as fruits,
foliage, wood and exudates. This manipulation has to be done with a knowl-
edge of the vegetative condition and fruitfulness of the tree, as a consequence
of previous growth and fruiting activities.
MPTs may or may not be purposefully grown for fruits or seeds. If not,
the flowering process is usually just ignored, although the production of
flowers, fruits and seeds will represent a waste of the plant's resources. So,
whether flowers are wanted or not, a better understanding of the development
processes involved may suggest ways of regulating them to advantage. The
investigational requirements are not onerous. The first is to observe the type
of stems on which flowering takes place (current or previous seasons' stems),
and to note the sequences of flowering and shoot-flushing. These will be
related — in as much as flowering, prior to a vegetative flush, must occur on
stems produced in a previous season. Such information is essential for an
effective pruning programme, as all fruit growers know.
When flowering occurs on 'old' wood, it may be from residual axillary buds
which have remained dormant, or, more likely, it will be on some form of
'short shoot' — usually an axillary shoot with highly compressed internodes.
Flowering on 'new' wood is not restricted to the periphery of a tree, because
shoots can grow out from older stems. However, the supply of potentially
active buds may rapidly be used up, and whole areas of older stems may
become barren. Species or cultivars may exhibit a range of types, from those
that flower mainly on old wood to those that flower mainly on new wood (in
apple, the 'tip bearers'), each requiring different pruning treatments.
When an MPT is to provide browze, it may be feasible to impose browzing
of newly developing shoots around the time at which flower initiation is
occurring, in order to reduce flower numbers. If flowers (or inflorescence
buds) have a dormant period, as in Arabica coffee, this may be some time
before anthesis. To check the time, or part of the season, at which flower
buds are initiated requires only a sequenced programme of bud dissection
and examination using a binocular microscope.
2. Pruning practices
There are many forms of pruning (eg Cannell I983a; von Carlowitz 1984),
but only two basic pruning operations — 'thinning-out' and 'heading-back'
(Fig. 3). Their skilled application can be used to change the overall size and
shape of trees, to regulate growth and fruiting, and to modify the output of
plant parts. The two operations can be carried out on stems of differing order
— main stems, primary branches, secondaries, tertiaries, and so on (Fig. 3).
Although the overall effect on different species of either operation will be
similar, the  precise response will depend very much on the growth character-
istics of the species concerned, the time at which the pruning operations take
place, and the care and understanding with which the pruner selects which
operation to use. Skilled pruning has reached a high degree of sophistication
in many tree species grown for their fruits and/or seeds. Relatively simple
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FIGURE 3. A  classification of tree pruning practices into 'heading-back' and 'thinn-
ing-out', which can be practised on the main stem, the primary, secondary or tertiary
branches.
forms of pruning are likely to be used on MPTs, but we still need information
of the same kind that exists for other trees.
III. MULTIPURPOSE TREES AS CROPS
A. Ideotypes
.r-
Up to the 1960s, plant breeders confined themselves, basically, to two types
of breeding strategies - 'defect elimination' and 'selection for yield'. The
development of crop physiology as a branch of plant science led Donald (1968;
and sée also Donald & Hamblin 1976) to propose that, if enough was known
about the attributes that formed the basis of any set of breeding objectives,
then a 'model' could be established, which could be used to make selection
processes more exact. The term 'ideotype' was coined to describe this set of
ideal plant characteristics. Three types of ideotype were envisaged, (a) those
that do well as spaced individuals ('isolation' ideotypes) - often being widely
branched and broadleaved, JO those that do well in varietal mixtures ('compe-
tition' ideotypes) - having characteristics that tend to dominate less aggressive
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varieties, and (c) those that do well in crops consisting of single cultivars
('crop' ideotypes) - having forms and functions that enable them to share
environmental resources in a community of their own kind. The validity of
Donald's ideas has been well substantiated by agricultural crop breeders in
the last two decades, particularly with regard to the selection of 'isolation' and
'crop' ideotypes. More recently, the concept has been taken up by forest tree
researchers (Cannell 1979, 1982).
In agroforestry, and in systems consisting of mixtures of plant associates,
we will mainly be concerned with 'associative' ideotypes. These will be
selections of either woody perennials, or perennial or seasonal (orbs and
grasses, each of which can contribute to the fulfilment of the system's objec-
tives, whilst maximizing environmental resource use by integrating and shar-
ing resources in both space and time. Each kind of plant in such a system
could be idealized in terms of a 'specification', based on the needs of the
system and the technical requirements of available plant types.
ICRAF's procedures for 'Diagnosis and design' of agroforestry systems
(Raintree 1985; ICRAF 1983) relate technical components to the requirements
of the land user, and the land use system as a whole. The procedures now
include a means of deriving a ranked list of 'specifications' of plant components
as part of the process of defining any research needs, and this list can be
considered as establishing a set of ideotypes for MPTs (Huxley & Wood
1984). Such specifications might include not only a set of required attributes
associated with natural growth, but also those achievable under some form of
management.
TABLE 1. A.  Ranges of nct biomass production of vegetation in different ecozones.
B. Expected ranges of plant dry matter ratios
For any esozone, values of (A x B) give an estimate ofpotentialyields which Incomplete ground
cover, poor management, pests and diseases, bad weather, etc. will decrease. Data from Anon
(1981) and Evans (1982).
* Of which 80% or so could be usable fuetwood.
B. Planting density and rectangularity
The effects of manipulating planting density and rectangularity, for trees and
herbaceous crops, have been well summarized and discussed by Cannell
(1983a,b) and I intend to make only a few additional points here.
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I. Some general concepts
The enthusiasm that has greeted the possibilities for imp. roving the productiv-ity and sustainability of land use systems by using MPTs has sometimes ledto unthinking optimism with regard to the possible level of outputs. It pays
to remind ourselves of the information that is available concerning potentialbiomass production in different ecozones, and the information on dry matterpartitioning (Table I). Also, we should bear in mind that the 'good' seasonalyields of maize are 1.3-3.0 t ha ', cassava 15-20 t hr ', grain legumes0.5-1.0 t ha ', sugar cane 40-60 t hr ' (10% of which is sugar), oranges10-20 t hr ' (fresh weight), cashew 1-0-1.5 t hr ', coffee 1.0-2-0 t ha-
tropical hardwood plantations 25-35 m3 hr yr- and tropical pines15-45 m3 hr vr '
The very large differences between the potential and actual yields that
always exist may encourage us to hope that a better use of the available
environmental resources might ensue if a suitable MEE species were incor-porated into a farming system, or if more productive MPTs were used. Thepossibility of improving the harvest index of MPTs is a less practical reality,because we are dealing with multipurpose plants, whose harvest indices may
already be large, and whose outputs may often represent competing sinks.
The curve of a planting density/yield relationship can normally be approxi-
mated by a reciprocal yield equation:
0/weight per plant = (a+ b (plants-1u))
This expression can result in, basically, either an asymptotic (for biomass) or
a parabolic relationship (for fruits and seeds, and perhaps other plant parts).There are a number of practical issues relating to the choice of plantingdensity with MPTs. The results of underpopulating a unit of land withherbaceous crops, which reach full structure during a single season, and
which are grown for biomass, will be some loss of potential yield in averageyears, but no effective loss in good or poor years (because in below-averageyears the attainment of the curve's plateau is shifted to a lower plant popu-lation). Similarly, with herbaceous crops grown for a plant part, with aparabolic yield/planting density relationship, there will be little or no loss inpoor years (as long as conditions are not severe), but there may be some lossin average or above-average years. In tropical regions the weather can vary
markedly from year to year around the climatic mean, so there is an obviousdifficulty in establishing an optimum planting density, and of regularly
achieving optimum yields.
liven if there were a normal frequency distribution of years in which thegrowing conditions were optimal, most farmers in developing countries wouldbe more•concerned with avoiding crop failure than with optimizing yield.They fear the effects of a severe drought more than they covet the extra yield
resulting from having a high plant population.
Trees are more expensive to plant and establish than herbaceous crops, sothe losses following crop failure are greater. Furthermore, the result of plant
stress in tree stands that are too closely planted is an increase in the proportion
of small plants, and this effect is maintained over several or many years.The often-used practice of over-planting, and sequential thinning, gives an
opportunity to remedy the effects of previous minor climatic disasters, but
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this opportunity is not available in fruit orchards, or in hedgerow or border
plantings, where the intention is to maintain continuous lines of trees or
shrubs.
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FIGURE 4. Suggested effects of planting densities on the yields of woody plant stands
over time (from Cannel! 1983b and Huxley 1983c).
A. Total biomass accumulation.
B. Woody biomass (branches and stems of any diameter).
C. Merchantable umber (stems above a given diameter).
D. Fruits on unpruned trees. Dense plantings can be productive early on, but
pests, diseases and management problems make them unproductive in later years.
Pruning will shift the response to the left.
E. Leafy shoots in hedgerows with different within-row spacings, assuming no over-
browzing or excessive lopping, and assuming that hedge height is restricted to that
achieved at age 4 to 5.
2.  Effects of plant density on the harvest of plant parts over time
With MPTs it is necessary always to consider the effects of planting density
on yields over time. In Figure 4, hypothetical situations are considered, for
the mean annual increment of woody biomass and merchantable timber (from
Cannell 1983b) and for total biomass, fruits/seeds, and leafy shoots or fodder
(from Huxley 1983c).
3. Rectangularity
Crop plants which have the same stature share environmental resources most
equitably when they are evenly spaced. In row-cropping this is represented
by a rectangularity of one (the ratio of between-row to within-row spacing).
However, large rectangularities are often used to facilitate management prac-
tices (drilling, weeding, spraying, etc), and there may be similar reasons for
increasing the rectangularity of MPTs. But different MPT species have
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different capacities for branching and, also, there will be different effects of
increasing rectangularity on the yield of different plant parts. We need,
therefore, to explore the consequences of rectangularity changes on MPTs, at
least at a few experimental sites.
C. Effects of the removal of plant parts on sustained yields
The effective handling of trees demands a clear perception of the way various
management treatments will affect dry matter distribution. In particular, with
Mrs, we need to know how harvesting the various products will influence
future growth and development, in terms of total biomass production, parti-
tioning between fruits and vegetative pans, partitioning among vegetative
parts, and the entrainment of subsequent growth and flowering sequences.
We need to draw up sets of guidelines for field practitioners, using existing
information, for plants in general and woody plants in particular; this is now
far from just anecdotal. Appropriate field research can also quickly enhance
our knowledge of the responses of particular MPT species, and it will be more
widely applicable if it is crop physiologically - rather than purely management
- orientated.
IV. MULTIPURPOSE TREES IN MANAGED MIXTURES
OF SPECIES
A. Space-time considerations
I. Dimensional opportunities
The term 'multipurpose tree' is used to describe woody perennials of several
kinds, including large and small trees, shrubs and bushes, palms, woody
vines (lianes) and bamboos. Thus, the choice of natural dimensions and form
available when selecting MPT species is much greater than one finds with
agricultural plants or industrial forest tree species.
One group of agroforestry research workers is very much concerned with
the study of natural vegetation, and with the transposition of concepts learned
from such plant associations to the design of man-made plant communities,
in which MPT species provide specifically required outputs. The first stage
in this process is, indeed, just the partial replacement of existing vegetation
by chosen MPTs which fit particular ecological niches.
A parallel approach is the study of complex man-made systems that involve
multistoried mixtures of many species, such as Indonesian home and forest
gardens (Michton et al. 1983). This is done in order to learn more about how
groups of plants, including MPTs, can be associated and managed more
efficiently. This work is now moving from the descriptive to the experimental
phase (eg Oldeman 1983).
A common requirement is to understand how the associated plants can
best share environmental resources in order to optimize their growth and
development as individual species, in a way that provides the correct propor-
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tions of different outputs needed from the system as a whole. Such problems
have been addressed by those concerned with intercropping herbaceous
agricultural species, but with MPTs the space and time dimensions are larger
and there are multiple products from individual plants.
The more 'permanent' nature of the Min' has a number of biological,
economic and management implications, one set of which is related to the
time at which events occur. In particular, there is a need to understand the
phenological behaviour of the woody species, and to choose those kinds of
MEI's that can best match the resource requirements of the lower storey
plants, or can be entrained to do so by management (Huxley 1983a). We
must, therefore, gain information on the phenophases of MIYI's in their native
habitats, and include phenological studies in trials of MEE species and
provenances. Successful association in plant mixtures will depend very much
on the stature, form and phenological behaviour of the MPT species.
FIGURE 5. Interfaces between crop types. Left: plan view of a three-component
multistorey agroforest. Right: interfaces between pairs of the three components.
T = tree; S = shrub; dots= agricultural crop (from Huxley I983d).
2. The tree-crop interface
Combinations of METs with herbaceous and other plant speciesmust optimize
the sharing of environment resources but, in practice, what can be done to
discover how best to do this? With complex systems, we might begin by
examining the mutual interactions of all species pairs at their interfaces
(Fig. 5). Interactions will result in, and be a consequence of, changes in
environmental resource pools at the interfaces. With MPTs, even a simple
one tree/one crop association requires a large experimental area in order to
test the range of management variables of interest, so, even here, it might be
most cost-effective to examine the interface. Doing so can greatly simplify the
design of field experiments (Huxley 1983d).
B. Choice of 'optimum' populations and degrees of intimacy
I. Planting density and intimacy in MPT-crop mixtures
The choice of planting density for MIYTs in crop mixtures, apart from other
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considerations noted above, must involve decisions on how they are to be
managed (eg pruned or lopped). The degree of intimacy of the mixture can
then be controlled by manipulating the plant population, plant arrangement(ie whether species are arranged in some kind of mixture, or in strips, so as
to maximize or minimize different tree/crop interfaces), by sequential thinning
and by pruning.
Because we are concerned with the level of outputs from the whole mixture
of species, any pruning regime must take into consideration the environmental
resources required by the understorey crops. How should we prune the MPTs
to maximize the tree outputs without detriment to long-term multiyield
capacity, and how do we estimate the environmental resource needs of the
other species in the mixture? Are periods of water stress to be avoided? How
should we partition the light between upper and lower storey plants? What
nutrient limitations might occur, and how can we best deal with their onset?
These are difficult questions to answer separately, much less to resolve in
terms of complete system's behaviour.
Clearly, the understanding and design of such systems require an aptitude
for systems thinking, and an ability to perceive future events. If such skills
are not available, and cannot easily be taught, it may be advisable to propose
agroforestry systems that compromise efficiency for management simplicity.
2. Rectangularity
There is a growing interest in hedgerow intercropping ('aney cropping') as a
way of introducing MPTs into tropical mixed cropping systems.Thereare
various reasons for doing this, which need to be briefly explained, because
they affect whether or not we are concerned with rectangularity ratios.
First, in most hedgerow-type situations, the MPTs will be kept shon by
some form of lopping or pollarding, which may be accompanied by side-
pruning. This is done both to decrease mutual competition among the trees
and to take harvests of leafy shoots, woody mulch materials and/or fuelwood.
If the hedgerows are grown for other purposes (fruits/seeds, plant exudates,
nectar sources, etc), then the pruning procedures will be different. Second,
hedgerow intercropping may be practised in wet tropical regions (where it is
already becoming well established) or in semi-aeid areas. In the latter case,
high rectangularity ratios might be a necessity to lessen 'competition' for
available soil water, although this can be achieved by coppicing at the start
of, or during, each growing season. Third, where a hedgerow is grown to
provide woody mulch, or to conserve the soil, the choice of rectangularity
may not depend entirely on attempts to optimize yields (of both the hedgerows
and the inter-hedgerow crop plants).
Bearing these points in mind, we can limit ourselves here to discuss briefly
the underlying principles of adjusting rectangularity ratios, in hedgerow
intercropping, to those ecozones where water is not severely limiting. In
such situations, manipulating the rectangularity is the key to successful
intercropping of MPTs and agricultural crops. The first step is to consider
the choice of MPT plant population per unit area in relation to environmental
resources, and to assess the effects of management operations such as pruning
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and lopping. The choice of rectangularity also concerns the effects of shading
from the hedgerow, and hence its orientation and height.
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FIGLIFtE 6. Different rectangularitics(top)and the way in which plant population per
unit area changes with a change in rectangularity, if the in-row spacing remains the
same (bottom). Species A is assumed to be a tree which occupies all the land at its
optimum planting density at a rectangularity of one. Then, changes in the nominal
allocated area are as shown on the right-hand axis, hut the actual area utilized by each
species will be more in the direction of the dotted arrow as the trees mature, and their
canopies and roots spread into the between-row space (from Huxley l983c).
Figure 6 shows how the plant population decreases with increase in between-
row spacing with constant in-row spacing (increasing rectangularity). In fact,
rectangularities greater than about six have little subsequent effect on plant
population, and relatively little interaction between hedgerows is to be ex-
pected at such large rectangularities. In some circumstances in the wet tropics,
such as on hill slopes, rectangularities lower than six will often be of interest.
In those circumstances, the next step is to consider how, as rectangularities
change, wc may adjust the basic in-row spacing so as to re-establish the
optimum plant population. The way to approach this is shown in Figure 7.
3. Orientanon
With MPT strips or hedgerows, orientation has to be considered, even in the
tropics. Figure 8 shows the predicted light climate at ground level in 50m
wide alleys between strips of fuelwood trees (taken to be solid objects)
modelled for latitude 3°N (eg Malaysia) by Jackson (1983, and pers. comm.).
Jackson's model can allow for different orientations, strip dimensions, and
hedgerow heights. Although originally produced for fruit tree crops, this and
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A. Postulated parabolic yield/planting density response curves at rectangularities of I.
2 and S. b and c indicate the yields obtained whcn the plant population is decreased
to a half or a fifth of the optimum (1600 plants ha- ,), respectively, when the in-
row spacing is not changed to compensate for the increase in rectangularity. b' and
c' indicate the scope there is for such compensation.
B. As for A, with asymptotic yield/planting density response curves, with less oppor-
tunity for compensation.
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FIGURE 8.  •he predicted light climate at ground level in a 50m wide alley between
blocks of fuelwood trees (assumed to be solid objects) at latitude  3°N.
A. Distribution of direct light when the tree strips are orientated E-W and N--s.
B. Distribution of diffuse light when the tree strips are 5 m or 25 m tall. (Data supplied
by J. E. Jackson, using the model of Jackson
 1983.)
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similar computer models are likely to be useful in agroforestry research and
design.
C. Management in tree-crop mixtures
Unlike scientists, who are usually trying to  contain variability in order to
comprehend the complexities of biological systems, a tropical peasant farmer
aims to  exploit the heterogeneity inherent in his land use system, in both space
and time (Huxley 1982). The opportunities to do this in agroforestry are very
large in relation to the choice and management of MPTs, and they demand
an appreciation of the `environmental opportunities', and an understanding
of how best to fill them.
I. Manipulating plant stress
Connor (1983a) considered the ways in which different stresses will occur
between the woody and herbaceous components in agroforestry systems. He
described the characteristics of the `resource pools' (light, water, nutrients)
and emphasized the predictable ways in which suboptimal levels occur and
can bc replenished. An understanding of these `pools' is essential for the good
management of MPTs in mixtures.
Connor reminds us that, with light, preferential access relies on canopy
display, in which stature is the most advantageous attribute, and differential
response can be quantified in terms of the leaf photosynthesis/light response
functions of different species. For water and nutrients in the soil, preferential
access depends on root system profiles, with differential responses depending
on efficiencies of extraction per unit of rooting volume. In fact, with relatively
immobile nutrients, such as P, access depends on continued root growth into
non-depleted soil volumes. Complementary use of resources is the key to
successful cohabitation of a site.
If, in the tropics, agroforestry systems are more sustainable or productive
than agricultural land use systems, then it is because they are better able to
share the available environmental resources, or because they are less ` leaky'
with regard to some, or all, of the resources pools. However, the hard evidence
in terms of light interception, water use efficiencies, nutrient extraction rates,
and so forth, is either unavailable or anecdotal. This ignorance exists largely
because agroforestry systems are both subsistence-orientated and complex, so
that they have neither attracted the experimental resources, nor have they
been as easy to study as sole food or cash crops. Studies on plant-environment
interactions in agroforestry are likely to demand a complex series of investiga-
tions, and it may be that approximations will have to suffice. Combinations
of a pragmatic `trial-and-erroe approach, with existing conceptual ecophysiol-
ogical models, might take us a long way (Loomis & Whitman 1983; Connor
1983b).
3.  Entrainment
Woody perennials proceed through a cyclic series of phenophases. Later steps
are consequent upon the completion of earlier ones, and the start of each cycle
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can be influenced by both exogenous and endogenous controls (eg by the state
of the leaf canopy, Huxley & van Eck 1974). The sequences of growth anddevelopment that normally occur under natural conditions can vary greatly
among tropical woody perennial species. Within this wide range of plantbehaviour, further variability can occur owing to weather variations about the
climatic norm. Individual trees can be affected differently by site conditions
and by pruning, irrigation and fertilization. Management practices have been
shown to influence patterns of growth and development in tea and coffee (Carr
1974; Browning & Fisher 1975). In order to optimize both the design and
management of MPTs in agroforestry, it is necessary to know the natural
sequence of pheno phases , as well as the opportunities for manipulating them.
V. CONCLUSIONS: RESEARCH PRIORITIES
There are clearly many research needs in evaluating MPTs, but perhaps the
most urgent that arise from this discussion can be summarized as follows.Information is neededon:
— the location of buds and the growth and/or flowering potentials they
possess;
— the effects of fruiting on vegetative growth;
— dry matter distribution;
— the relationship between morphological characteristics and functionalperformance (eg 'leafiness' and fruiting traits);
— the adaptability of species and provenances (and for the more important
of these, some understanding of the mechanisms underlying adaptive
responses);
— Nun-breeding strategies (actual schemes for individual species), includ-
ing the establishment of objective selection index procedures and G x E
assessments;
— the capacity of individual species to enrich the microsite;
— the effects of tree-crop mixtures on soils and plant productivity (in relation
to Fig. 2);
— the flowering characteristics of MIYT species (flowering on new wood,
old wood, short shoots, etc), with information on flower initiation times
for important species;
-
responses to pruning/lopping/browzing at different times and intensities;
source-sink relationships of free-standing plants in order to examine the
interactions between vegetative growth and flowering/fruiting;
— optimum pruning practices;
— the effects of changing the planting density and plant rectangularity on
growth and yield;
— the effect of modifying source-sink relationships brought about by prun-
ing and/or spacing;
-
tree-crop interfices. with?regard to resource sharing and plant stress
effects;
— MPTs in hedgerows (including orientation aspects);
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- the phenology of MPT species both (a) grown untouched (in different
ecozones) and (b) after management by, say, pruning, including observa-
tions on entrainment.
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I. INTRODUCTION
This review explains the main breeding strategies adopted by forest tree
breeders, outlines some of the achievements made to date and some of the
constraints on progress, and gives our view on current research priorities.
II.
 BREEDING STRATEGIES
Genotypic variance can be divided into additive and nonadditive components.
Additive variance is the chief cause of resemblance among relatives, and is
the part of the genotypic variance that is captured when selected individuals
with a good general combining ability are allowed to interbreed at random.
Nonadditive variance is due to 'dominance' and other interactions between
genes or alleles, and can be captured by (a) cloning individuals with unique
gene combinations, or (b) making single-parent crosses among individuals
with a good specific combining ability.
The choice of breeding strategy is determined by the relative proportions
of additive and nonadditive gene actions in the source or base populations
available to the breeder. However, the breeder can search for new sources of
genetic variation. If, for instance, the genetic variance within a local source
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population is largely additive, crosses with other provenances or species may
reveal important sources of new genetic variance, which may be additive or
nonadditive.
The cost of utilizing the genetic variance is directly influenced by several
factors. These are the costs of making controlled pollinations, genetic testing,
maintaining large breeding populations, and producing large numbers of
propagules for forest planting.
The relative importance of additive and nonadditive genetic variance may
differ, depending upon whether the source population is formed by interbreed-
ing within species or by hybridization between species. More importantly,
some peculiarities of seed production that arise when making hybrids can
affect the choice of breeding strategy. Therefore, we will discuss intro- and
interspecific methods separately.
A. Intraspecific breeding strategies
I. Capturing additive genetic variance
If only additive genetic variance is to be exploited, the breeding strategy can
be as straightforward as simple mass selection. This breeding method consists
of choosing the best phenotypes in stands, collecting open-pollinated seeds
from them, and planting them in bulk without prior testing for the next cycle
of selection. This method can be effective for single traits with a high
heritability (Mc William & Florence 1955). Heritability is that portion of the•
total phenotypic variation due to genetic as opposed to environmental factors.
The proportion of additive genetic to total phenotypic variance among selected
individuals (their 'narrow sense' heritability) is normally estimated from the
performance of their open-pollinated seedling progenies, grown in 'genetic'
or 'progeny tests'.
Most tree breeders, however, are concerned with improving several traits
simultaneously, and among these will be vigour or other traits with a low
heritability. Therefore, genetic testing is usually included as a component of
a breeding strategy. The nearest tree breeders come to mass selection without
separate progeny tests, as practised by breeders of other crops, is in open-
pollinated seedling seed orchards (Goddard 1964). Such orchards arise from
planting progeny tests with open-pollinated seeds from select trees. These
plantings are then rogued, based on sibling performance, and become seed
orchards.
Mass selection entails only selection of the maternal parent, while pollen
may come from any male in the population. Selecting males, as well as females,
and allowing pollination only among selects, increases the expected rate of
genetic progress (Shelbourne 1969). This method was used to producePinus
elhottii seedlings that are resistant to fusiform rust (Cronartium queratum
(Berk.) Miyabe ex Shirai f sp. funforme).Stands with high rust infections
were thinned to leave only disease-free trees to intermate. Seedlings derived
from this seed production area had improved rust resistance (Goddardet al.
1975).
Because most forest tree species can be vegetatively propagated, usually by
38 F. E. Bridgwater & E. C. Franklin
graffing, selected males and females can be brought together to promote
intermating among selects in recurrent selection schemes. Recurrent selection
is the planned selection of individuals and/or families, repeated over several
generations within a base or source population. Simple recurrent selection
schemes rely upon open-pollinations among selected trees. This breeding
method has been proposed for juglans nigraand Quercusspp., where the cost
of producing large numbers of seeds from controlled matings is prohibitive
(McKeand & Beineke 1980).
Where controlled pollinations are practical, forest tree breeders invariably
chose that option, combined with genetic testing. In fact, most intraspecific
forest tree breeding programmes (particularly those for conifers) have incor-
porated both controlled pollinations, and genetic testing, into recurrent selec-
tion methods to improve general combining ability (Stonecypher 1969).
There have been three primary reasons for this approach. First, the relative
proportions of additive and nonadditive genetic variances within the source
populations were largely unknown when tree breeding programmes began.
Genetic tests using controlled matings were required to determine this ratio.
Recurrent methods for improving general combining ability were chosen
because the ratio of additive to nonadditive genetic variances was unknown
and breeding methods to improve specific combining ability were more
complicated and costly. Second, from studies on the effects of self-pollinations
in forest trees, and evidence from other crops, breeders anticipated that
inbreeding depression might present problems. By keeping complete pedi-
grees, co-ancestry would be known and managed. Third, the only hope
of utilizing nonadditive variance through sexual (as opposed to vegetative)
propagation was to keep track of male and female parents, so that good specific
crosses could be repeated.
2. Capturing additive and nonadditive genetic variation
Many species of forest trees have significant amounts of nonadditive as
well as additive genetic variation, and suffer from inbreeding depression in
fecundity and metrical traits. The presence of inbreeding depression is evi-
dence that there is nonadditive variance, because if there is no dominance
there should be no inbreeding depression. Severe inbreeding depression after
self-fertilization has been found in many species, particularly the conifers
(Franklin 1970; Sorensen & Miles 1982); the depression seems to lessen
linearly with milder inbreeding (Gansel 1971). Furthermore, it was found
that relatedness could increase rapidly under selection, where complete pedi-
grees were not known (Zobel et al. 1972).
The deleterious effects of inbreeding can be avoided in two ways. First, co-
ancestry can be managed in the breeding population if pedigrees are known, by
adopting some controlled system of mating. Ultimately, any closed population
must become completely inbred, but the rate at which that occurs is under
the breeder's control if pedigrees are known. Second, breeding of multiple
sublines can be incorporated as part of the breeding strategy (Burdon et al.
1978). This method requires that all matings occur within sublines, and that
trees for forest planting be derived from crosses among individuals from
different sublines. Thus, all individuals in plantations will be derived from
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crosses among unrelated individuals. There has been considerable interest in
sublining recently, and it has been incorporated into some large tree breeding
programmes (van Buij tenen & Lowe 1979; McKeand & Beineke 1980; Mathe-
son 1983; Purnell & Kellison 1983). Co-ancestry control within sublines may
still be necessary, however, because inbreeding depression may reduce the
size and fecundity of individuals within sublines so much that seed production
costs become prohibitive.
Controlled pollinations and genetic testing are also necessary components
of a breeding strategy, if nonadditive genetic variance is to be utilized by
sexual methods in the short term. Specific combining ability can be exploited
only if specific crosses can be recreated at acceptable cost. Large amounts of
controlled-cross seeds can be produced from large-scale controlled pollina-
lions, by establishing two-clone seed orchards, or by supplemental mass
pollination (that is, artificial pollination without isolating females from wind-
borne pollen).
Large numbers of interspecific crosses of Pinus ngida x Pinus taedaseedlings
were produced by controlled crossing for afforestation in Korea (Hyun 1969).
However, rising labour costs soon outweighed the benefits derived from
these interspecific hybrids (Hyun 1976). For two-clone seed orchards to be
successful, the parents must not only be good specific combiners, they must
also have synchronous flowering and be either self-sterile or unaffected by
inbreeding depression. As these conditions are rarely met, two-clone seed
orchards have not been successful (Kellison 1971). Only recently has the
feasibility of supplemental mass pollination for producing good specific combi-
nations on a large scale been demonstrated (Bridgwater & Williams 1983).
Further trials are necessary to determine whether the method is practical on
a large scale.
Whatever the method for producing large numbers of controlled-cross
seeds, the added benefits from utilizing specific combining abilities (capturing
nonadditive genetic variance) must outweigh the added cost of production.
If large numbers of propagules can be produced at a reasonable cost through
vegetative propagation, good specific combinations can be produced simply
and immediately, whether they arise from good chance matings of individuals
within populations, between populations, or even between species. The widest
use of vegetative propagation for afforestation is found in severalPopulusand
Salixspecies which are relatively easy to propagate vegetatively (Zsuffa 1973).
Vegetative propagules may not perform as well as sexual propagules (Bur-
don & Shelbourne 1974). In these cases, vegetative propagules are of doubtful
utility in realizing genetic gains from specific combining ability. For example,
in Australia, Pinus radiatacuttings from trees older than four to five years
from seed are not easily rooted in large numbers, and the vigour of propagules
is inversely related to age of ortet (Matheson 1983). New propagation methods
must be found to overcome these effects, if vegetative propagation is to be a
viable option for P. radiala,Or ways must be found to predict the performance
of trees when they are still young enough to propagate vegetatively.
If short-term methods for utilizing specific combining ability are imprac-
tical, one may consider methods to utilize specific combining ability in
the long term. These methods involve developing lines or populations for
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subsequent outcrossing. They have not been widely used in forest tree
breeding.
Heterotic F, crosses among inbred lines offer a method for utilizing specific
combining ability. This method typically requires several cycles of inbreeding
with selection, which produces individuals within lines with like alleles
at corresponding chromosome loci. These homozygous individuals yield a
uniform genetic contribution when mated, so that mean progeny performance
is repeatable. The mean performance of offspring from some crosses exceeds
the parental values, ie exhibits heterosis. This method has not been used in
forestry because generation cycles are long and it is necessary to inbreed for
several generations before outcrossing (Orr-Ewing 1976). In addition, it is
difficult to produce inbred lines due to inbreeding depression in traits affecting
fecundity (Franklin 1969).
Reciprocal rccurrent selection utilizes both general and specific combining
ability (Comstock  et al.  1949). The method employs two populations that
exhibit racial heterosis. Concurrent but separate selections are made in both
populations, pairs of parents from different populations are intermated, and
parents of the best hybrid progenies are intermated within populations to
form the basis for the next generation. Inter-racial heterosis has been demon-
strated in forest trees (Fowler 1978), but reciprocal recurrent selection is being
used only on an experimental basis (Yeh  et al.  1980; Ricmenschneider 1980).
The reluctance to utilize reciprocal recurrent selection arises from the necessity
of maintaining two separate breeding populations, and the fact that several
cycles could be required before maximum heterosis is reached in the hybrid
popu lation.
B. Interspecific hybridization
Interspecific hybrids may be useful because they are heterotic, or because
they combine traits that previously were not found together in either parental
species, ie 'combinatorial' hybrids (Fowler 1978).
If vegetative propagation is viable, then heterotic or combinatorial hybrids
can be immediately useful. Interspecific hybrids of  Populus and  So&  have
been used successfully in this way (Zsuffa 1973), because both genera include
several species that are easily crossed and vegetatively propagated. However,
this approach is a 'dead-end' in terms of continuing genetic improvement,
unless a breeding programme is carried out from which new hybrids can be
derived (Brune & -Lobel 1981).
The production of interspecific hybrids requires breeding in two parental
populations to emphasize specific combining abilities. Costs are greater than
for single population methods, but interspecific reciprocal recurrent selection
programmes have been suggested for  P. radiataxP. attenuata (Conkle 1970)
and  P. ngidaxP. taeda (Hyun 1973).
Breeding methods for combinatorial hybrids do not necessarily require
maintaining multiple populations. FI hybrid populations can serve as the
foundation for single population breeds using simpler breeding methods. If
gene action is largely additive, single population methods may be as effective
as, and less expensive than, hybrid methods.
3. Forest tree breeding 41
Combinatorial hybrids can also be improved by backcrossing to the most
desirable parental species. Backcrossing has been used to combine resistance
to fusiform rust in  Pinus echinata  with the faster growth rates of  Pinus
taeda (LaFarge & Kraus 1980). Backcrossing requires maintaining both the
backcross population and the parental population.
Problems often arise when attempting to produce large numbers of hybrids.
Barriers to successful seed production exist between many species (Zabel &
Talbert 1984), and, even when controlled pollination is possible, it may be
impractical to produce sufficient hybrids for forest planting. Open-pollinated
seed orchards composed of two species are seldom practical. The species may
or may not flower synchronously, and, even if they do, some seeds would still
be of the parental species. It is expensive to identify and segregate hybrids from
parental species. Supplemental mass pollination has been used to overcome
problems of producing hybrid seeds with variable success (Hadders 1978;
Bridgwater & Trew 1981).
Because of the difficulty of producing hybrid seeds, and the expense of
maintaining two parental species lines, some breeders have resorted to the
use of open-pollinated seed orchards composed of F, hybrids (Hyun 1976;
Nikles 1981).F2 progenies of inbred lines are much more variable than the
F, hybrids. If F, hybrids of forest trees are heterotic, the F2 progenies of
these noninbred lines should also show some increased variability. Uniformity
in forest plantations is generally desirable. If there is little or no heterosis, as
in combinatorial hybrids, there may be no increase in variability among F2
progenies (Hyun 1976; LaFarge & Kraus 1980).
III. ACHIEVEMENTS AND CONSTRAINTS ON
PROGRESS
Significant gains in tree improvement to date have resulted from utilizing
genetic variation that could be readily captured by the simplest means available
for producing large numbers of propagules.
In  Populus, vegetative propagation was relatively easy and the growth of
propagules equalled or exceeded that of seedlings. Many interspecific crosses
were easily made (Zsuffa 1973), so gains were quickly obtained. Resistance
to diseases was easily found and incorporated into forest plantations. For
example, screening Populus deltoides clones and interspecific hybrids provided
immediately useful sources of resistance to rusts (Melatnpsora spp.)  (Steenack-
en  1972). When hybrids are more vigorous than the parents, yields from
plantations can be increased markedly through vegetative propagation, as in
Brazil, where rooted cuttings of natural  Eucalyptus hybrids possess both good
growth and high wood density (Campinhos 1980).
Progress with vegetatively propagated species is influenced by the strategy
for deploying clones. A big question is whether single-clone or multiple-clone
mixtures will give maximum genetic gains in vigour, while minimizing risks
of disaster from insects or diseases. An analysis of factors bearing on these
questions indicated that mixtures of 7 to 25 clones may be a robust, perhaps
optimum, strategy (Libby 1980). Such strategies should be tested in the field.
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Even though it is tempting to emphasize hybridization and clonal selection,
rather than line breeding (Zsuffa 1979), the parental population(s) must be
improved through breeding and selection if there is to be progress in the
future (Brune & Zobel 1981). Nowhere is this point more emphatically made
than with the redirection of national tree improvement programmes in Japan.
After centuries of practising clonal forestry, the Japanese have begun to
establish seed orchards and breeding programmes to create new variability
for continued imprOvement(Toda 1974).
Early selection shortens the interval between the identification and utiliz-
ation of new clones, providing increased financial returns from these program-
mes. Early screening for resistance to pests is particularly valuable to minimize
the risk of catastrophic losses. In this manner, release of the  Cryptomeria
cultivar 'Kumotoosi' might have been forestalled before widespread plantings
were found to be susceptible to both a disease and an insect pest (Toda 1974).
Early evaluation of growth potential may be particularly difficult for clones
selected to perform well over a broad range of sites, because
genotype xenvironment interaction effects should be more pronounced in
clones than in genetically diverse plantations.
Coniferous species are difficult to propagate vegetatively in large numbers,
but some flower relatively early and consistently. Pinus taeda and  Pseudotsuga
menziesii are good examples because these species have great commercial
importance, and are the subject of large tree breeding programmes. For these
species, the strategy used to deploy the improved genetic material is of primary
importance.In the south-eastern USA, most forestry industry plantations
are now established with bulked seedlots using first-generation, genetically
improved, seed orchards. However, there may be advantages in planting half-
or full-sib families in large (20 ha) family blocks. Plantations of individual
half-sib families  of  P. taeda  are planted operationally by a few companies in
the south-eastern USA. One company has been planting in this manner since
1975, with the intention that management regimes be customized, to take
advantage of the different attributes of each family to maximize profitability
(Gladstone 1975). Early results of empirical trials suggest that the growth of
half-sib families in pure stands is better than in mixtures of the same families.
The average volume of 15 families in pure stands was 8% greater than the
average volume of the same 15 families planted in mixtures after 4 years in
the field (Williams  et a).  1983). There were no differences between pure
and mixed stands in percentages of trees infected with fusiform rust or in
straightness scores. The relative performance of pure versus mixed stands
may change as competition increases (Cannell 1978).
If half-sib families change rank when planted in pure rather than mixed
blocks, genetic test designs will have to be altered. Entries will have to be
tested in the configuration in which they will be deployed. In addition,
predicted gains from first-generation seeds must be re-evaluated, because
genetic performance will have been predicted from row-plot tests, not bulk-
or pure-family blocks.
If two-clone seed orchards, or supplemental mass pollination, become
popular for the short-term utilization of specific combining ability, the per-
formance of full-sib family blocks and mixtures must be evaluated. Competi-
3. Forest tree breeding 43
lion effects between full-sib families are more likely to be important than those
among half-sib families. Such effects have been demonstrated among full-sib
seedling families of P. taeda (Adams et al. 1973), but not for half-sib families.
Even greater is the need to evaluate inter-genotypic competition effects for
clonal mixtures. The higher the genetic purity of the propagules, the more
likely it is that there will be important differences between mixed and pure
stands.
Another primary constraint on progress in most coniferous tree improve-
ment programmes is the length of the breeding cycle. Reducing the time
required to cross, test, and achieve flowering to cross again would increase
the genetic gain per unit time. Procedures for producing strobili on trees only
a few years old from seed have been worked out for some important conifers.
Notable examples are in P. taeda (Greenwood 1978) and P. menziesii(Ross
et al. 1980; Ross & Pharis, this volume). The ability to promote early flowering
in these species has spurred interest in developing reliable early genetic
evaluation procedures, and some promising results have been obtained.
Several analyses with conifers have suggested that selection at age five to ten
years of age is most efficient for improving growth traits (Nanson 1969;
Squillace & Gansel 1974; Lambeth 1980; Lambeth et al1983). Several studies
have shown promising results that may lead to the ability to select at even
younger ages (Connell et at 1978; Cotterill & Nambiar 1981; Waxier & van
Buiitenen 1981). Work on early evaluation of other important traits is begin-
ning to pay dividends. Histological examination of loblolly pine embryos
infected with fusiform rust basidiospores may give an accurate assessment of
susceptibility of sibs in field experiments (Frampton et al. 1983).
A third constraint on progress in these programmes is not knowing how
best to deal with the effects of related matings. There is always a trade-off
between the genetic gain that may be obtained in one cycle of breeding and
selection, and the degree to which co-ancestry will be allowed to increase.
Intensive family selection will result in the most rapid gains for traits with
low heritability, such as growth rate. However, rapidly reducing the numbers
of families in a closed breeding population quickly leads to the necessity of
making related matings. Tree breeders can make the correct decisions only if
the consequences of mating sibs, cousins, and other relatives are understood.
Species that are not easy to propagate vegetatively or sexually present an
obvious challenge. Ways must be found to produce large numbers of propa-
gules at an acceptable cost before gains from breeding and selection can be
realized. For example, tree breeding programmes on some of the spruces
(Picea spp.) have been constrained by difficulties with propagation. These
species produce seeds, but they often have not done so on a schedule that
meets needs. For example, Picea sitchensisseed orchards established in Britain
in the 1970s are not expected to meet forecast seed requirements until about
2010 (Gill 1983). Delayed seed production, in large part, has led to a great
deal of effort in the attempt to produce rooted cuttings for forestry planting
in several spruce programmes.
Operational use of rooted spruce cuttings is fraught with problems (Roulund
1981). Cuttings from older trees root and grow less well than cuttings from
young trees, so selections must be made among young trees. But selection at
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young ages means that expected genetic gains are reduced, especially as there
is a need to apply some selection pressure to improve rootability as well as
other traits. This problem is exacerbated by the fact that ortets selected at
young ages continue to age and, therefore, root less well over time. Research
is under way to study, and perhaps retard, this ontogenetic ageing process,
but this significant problem has not yet been solved. The conclusions from at
least one study with eight-year-oldPicea abieswas that clonal forestry was not
viable, because of the ineffectiveness of juvenile selection, and the poor
repeatability of performance among successive generations of clones (Dietrich-
son & Kierulf 1982).
Rooting cuttings, without clonal selection, might be a reasonable option to
rapidly increase genetically improved sexual propagules in short supply, even
though costs are greater than for seedlings (Gill 1983). If the problems
described above are not solved before seed orchards begin to produce large
numbers of seeds, then operational programmes using rooted cuttings (Rauter
1974; Kleinschmit & Schmidt 1977) may be relegated to a minor role. If the
problems of vegetative propagation are solved, the future problems will be
those of easily rooted species.
IV. RESEARCH PRIORITIES
A. Utilizing nonadditive genetic variance
The best way to capture nonadditive, in addition to additive, genetic variance
is through vegetative propagation. For species that are easily propagated
vegetatively, the research priority should be to test empirically strategies for
deploying clones. Where vegetative propagation is not simple, but seeds can
be produced with relative ease, more research should be done to find ways to
capture nonadditive variation using sexual methods. This is not to say that
research on ways to propagate these species vegetatively should not be contin-
ued. However, the problems of producing large numbers of vegetative propa-
gules for forest planting have proved to be more recalcitrant than originally
hoped. It is time to accept that the methodology to make vegetative propagation
practical may take longer to produce than once hoped. Other methods, like
supplemental mass pollination, should be employed now to increase genetic
gains until vegetative propagation methods are worked out.
As with clonal deployment, the use of sexual propagules in deployment
strategies, other than bulked seed orchard mixes, raises questions of gain and
risk. Empirical trials with half- and full-sib family plantings should receive
more emphasis.
For species that are not easy to propagate vegetatively, and do not produce
abundant seeds in seed orchards, research emphasis should be placed on
improving seed production. Seed orchard research seems to have languished
in some species, under the assumption that vegetative propagation techniques
will be practical in the short term.
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B. Early genetic evaluation
Learning to evaluate genetic entries earlier will be of value in all breeding
programmes. Early evaluation may become more critical as less genetically
diverse entities are planted. For example, plantings of single clones are less
well buffered against environmental changes than mixed seedling populations.
Important genotypex environment interactions are more likely in clonal plan-
tings. •esting each clone for performance over a broad range of sites will be
expensive.
More research emphasis should be given to ways to incorporate early genetic
evaluation procedures into current breeding programmes.
C. Dealing with the effects of inbreeding
The question of how best to deal with inbreeding influences every type of
programme mentioned above. Every species, regardless of the method of
reproduction used for afforestation, or the method used for deployment,
depends upon a programme of controlled crossing and progeny testing for
continuing genetic improvement. The rate at which gains can be made will
be indirectly determined by the degree to which inbreeding depression is
manifested under different levels of inbreeding. Empirical studies to determine
this relationship should be high priorities for research in every breeding
programme.
V. CONCLUSIONS
Significant genetic gains have been made to date by using the easiest propaga-
tion methods available.
Breeders working with easily rooted species.have used vegetative propaga-
tion to capitalize upon good individual genotypes, hybrid vigour, and combi-
natorial hybrids. The ease with which dramatic improvements have been
made may have reduced the emphasis being given to sexual methods of
reproduction and to breeding. Breeders working with species that are not
easily propagated vegetatively, but which produce seeds relatively easily and
consistently, have used seed orchards to capture additive genetic variance by
selecting parents with improved general combining ability. More expensive
breeding methods to utilize nonadditive genetic variance have not been used
widely. Rather, ways to utilize the nonadditive genetic variance in the short
term are being sought. Those working with species that are difficult to
propagate economically, by either sexual or asexual means, have elected to
pursue vegetative propagation methods.
Problems associated with the short-term use of nonadditive genetic variation
are different for sexual and asexual propagation systems, but both are more
expensive than methods to utilize general combining abilities. To be worth-
while, the additional expense must be offset by increased genetic gains or
increased efficiency.
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Whatever the breeding strategy, the ability to evaluate accurately selections
at earlier ages would increase the efficiency of breeding programmes. Simi-
larly, all programmes would benefit from knowledge on how best to deal with
the effects of inbreeding.
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I. INTRODUCTION
Fruit tree species are mostly outbreeding and largely heterozygous being
hermaphrodite and most often self-incompatible. Notable exceptions are the
peach  (Prunus persica, which although often outbreeding is self-compatible),
the fig  (Ficus carica, dioecious) and the avocado (Persea mericana,which has
a special system of synchronous dichogamy). Clonal propagation is wide-
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spread, and new varieties are commonly derived from segregating F, gener-
ations. The fruit tree breeder aims to select compact precocious good flowering
varieties which have a high fruit/shoot ratio. By contrast, the forest tree
breeder favours sparsely flowering, fast-growing, tall trees, which are usually
seed-propagated. A further refinement usually available to the fruit tree
industry is the production of composite plants, through the use of rootstocks
and interstocks. In this way, plants can be produced which carry characters
derived from four or six parental varieties, thus providing a means of combin-
ing characters from several widely different parents after only one generation
of breeding. Developments in genetic manipulation techniques promise the
means of further modifying varieties and selections, through induced muta-
tions and gene modification and transference.
Fruit tree plantations become established as production units over a shorter
period than most forests. Fifteen to thirty years cover the life span of most
fruit tree plantations, much of which is spent in full production. One of the
main breeding aims is to maximize the period of full production by selecting
for precocity, which is closely correlated with yield.
Market and consumer requirements have special effects on fruit tree breed-
ing policy. As well as flavour and appearance, season of harvest, storage
period, shelf life and durability during transport have to be taken into account.
Furthermore, most markets require a standard product for most fruits,
according to type and season. Marketing is even more specialized for fruits
like apples and pears, where the name of the variety has become an important
aspect of consumer recognition. There is, therefore, a natural reluctance to
grow new varieties — growers are not prepared to plant large areas without
first being assured of markets for the produce. A period of consumer and
market testing is usually necessary before varieties can enter large-scale
production.
Early selection techniques have been developed for yield, disease and pest
resistance, and tree type, during the first two years after germination, and for
yield and quality features in the first or second years of fruiting. The use of
such techniques has shortened the period from germination to release of new
genotypes, and has decreased the amount of land and labour needed for
seedling assessment and orchard trials.
Apples (Mattis pumila)are the most widely grown of the commercial tree
fruits, and have received the most attention from breeders. Experience in
apple breeding can be applied to most other tree fruit crops because the
breeding methods have much in common (Janick & Moore 1975; Moore &
Janick 1983).
II.  BREEDING SYSTEMS
A. Crossing and selection
For most tree fruit crops, the selection of superior phenotypes and their
subsequent random mating, followed by mass selection, is the most effective
means of increasing the number of favourable alleles, because there is a
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relatively high additive variance governing the inheritance of most traits.
However, several imponant commercial characters are determined by single
dominant or recessive genes (Knight 1969; Alston 1975; Alston & Watkins
1975), thus justifying the careful matching of parents according to genotype
where dominant genes are concerned. In apples, desirable parental combina-
tions are determined from the results of previous progeny and variety trials,
as well as from genotypic details (Alston 1985).
Tree fruit breeders usually select individuals which are exceptional members
of a progeny. Such plants are not representative of a progeny because they
often exhibit, in the F„ a heterotic type of effect. Clonal propagation of elite
selections enables the total genetic variance, including that due to dominance
and epistasis, to be exploited, and, because clones are uniform in performance,
there is no need to breed seed-propagated hybrid varieties. Clonal propagation
largely offsets the slow pace of genetic gain which is a consequence of the
long juvenile phase of most tree crops. However, long periods are needed to
assess the field and market performance of new varieties, using trial orchards
and grower plantings, which often delays the inclusion of new selections in
crossing programmes. Thus, in some crops, such as apple, there has been a
slow build up of generations in breeding programmes, until recently, although
this has not been the case in peaches, where many new varieties are now being
produced from the fourth or fifth generation.
B. Inbreeding
In order to produce superior phenotypes in which desirable characters arc
fully expressed, some degree of inbreeding is desirable. Such an approach
has been very successful in peach, which lacks any marked inbreeding
depression (Lesley 1957) — possibly because of intense selection during the
development of the crop from an area of origin where inbreeding was favoured.
In apple breeding, it is usual to avoid any degree of inbreeding. Inbreeding
depression has been associated with a lengthening of the average progeny
juvenile phase (Brown 1975). However, apple varieties vary in sensitivity to
inbreeding, and severe inbreeding depression can be avoided by selection for
vigour and precocity. Indeed, a slight loss in vigour, combined with precocity,
can be of considerable benefit when dwarf or semi-dwarf trees are required,
as experienced with the avocado (Bergh 1975). Bell et al. (1981) observed that
fruit quality improved with a degree of inbreeding in pear (Pyrus communis)
progenies. The recently released high quality 'Bartlett-like', fireblight-resist-
ant, pear variety, 'Harvest Queen', is the result of such an approach
(Quamme & Spearman 1983). Another approach is to make crosses between
superior siblings in order to maximize the expression of characters determined
by recessive genes, as well as to obtain a greater genetic gain by the F, than
is usually possible from a backcross. However, sib-cross progenies are often
small, and it can take up to six years to establish enough fruiting trees to
produce sufficient seed for effective selection.
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C. Backcrossing
Backcrossing is the usual means of transferring characters from wild species
or primitive varieties to fruit tree crops. It commonly takes the form of a series
of crosses at each generation back to the cultivated species. A different
cultivated species parent is used in each generation to avoid excessive inbreed-
ing. In apple, backcrossing programmes of this type have resulted in successful
commercial selections (carrying disease resistance from wild species) by the
second backcross generation (Alston 1983a).
III. YIELD AND PRECOCITY
A. Shortening the juvenile phase
The length of the juvenile phase is.a major factor affecting the breeding of
tree crops. Amongst the tree fruits, this period varies from two years in lime
(Citrus auranufolia)  to over 14 years in some pears. There are considerable
environmental (Jonkers 1971; Aldwinkle & Lamb 1976) as well as genetic
effects (Visser 1976; Thibault 1979; Alston & Bates 1979) on the length of
the juvenile phase in apples and pears. Full sunlight, long days and long
growing seasons tend to shorten the juvenile phase (promote early fruiting).
Genetically, the juvenile phase can be significantly shortened by selecting
precocious parents, and this is a major aspect of most tree fruit breeding
programmes. Zimmerman (1977) reported flowering as early as two years
after germination in some seedlings of pear, while Potapov (1971) found
individuals of this species with a juvenile phase of 15 years.
One widely practised means of hastening flowering in fruit trees is to select
seedlings which grow rapidly on their own roots (eg apple, Zimmerman 1972;
and peach, Sherman  et al.  1973). Alternatively, seedlings can be budded on
to dwarfing rootstocks. In apple, the very dwarfing rootstock M.27 can reduce
the juvenile phase from 9-10 years to 6-7 years (Tydeman & Alston 1965),
whereas in pears the most dwarfing commercial rootstock (Quince C,  Cydonia
oblonga) is only moderately effective in shortening the juvenile phase (Alston
1983b).
B. Early selection for high yield
In apple, there is a close relationship between the length of the juvenile period
in seedlings, and the period to initiation of cropping on orchard trees (Visser &
De Vries 1970), and precocious apples (Alston & Bates 1979) and avocados
(Bergh 1976) tend to be high-yielding. In apple, preselection for precocity,
and hence high yield, is possible 18 months after germination (Alston & Bates
1979). Seedlings are selected which have the attributes of the pomologists'
ideal maiden tree, with many side branches or feathers and wide branch
angles. Such selections can yield up to 300% more than their siblings, and
they have been the means of producing new varieties at East Malling which
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yield twice the crop of the existing main crop variety. These selections are
budded on to M.27, principally to shorten the juvenile phase, but the yield
of young apple seedlings grown on this very dwarfing rootstock is closely
correlated wit h their later performance as orchard trees (Alston & Bates 1979).
There is considerable variation in cropping due to factors not directly related
to precocity - such as flower and pollen fertility, flowering date, and the
density and position of flower trusses - so, at this stage, it is usual to select
apple seedlings which yield more than a predetermined level over a specific
period. Significant improvements in yield have been achieved in the English
walnut  (juglans regia) by selecting for a lateral fruiting habit, with fruits borne
in clusters, instead of the normal types which have single fruits at the ends of
the shoots.
C. Breeding trees for very intensive growing systems
Commercial systems of producing tree fruits range from intensive systems,
used for peach and nectarine, in which each tree has a single one-year-old
shoot about one metre tall, to avocado orchards, in which the trees usually
grow seven to nine metres tall. When breeding for high yield, the breeder
selects the most 'efficient' trees - those which maximize fruit production at
the expense of shoot production - and it is therefore essential to select a dwarf
or spurred habit. In manycases, these types of habit are under simple genetic
control, such as in the compact columnar apple mutant 'McIntosh Wijcik'
(Lapins 1969), the compact sweet cherry (Prunus avium)  'Compact Lamben'
(Lapins 1963), and the brachytic dwarf in peach (Lammerts 1945).
New apple varieties have been produced at East Mailing, combining the
compact columnar habit of `Wijcik' with a range of improved fruit types
(Tobutt 1985). Trees of this type, grown as unpruned natural cordons less
than one metre apart, have produced yields in the second year equal to those
normally expected eight years after planting a conventional orchard. The
future development of this type of orchard depends on the production of
varieties which can  be  propagated cheaply, and which can be grown on their
own roots as easily as on established rootstocks. Elsewhere, encouraging
results have been obtained using brachytic dwarf peach selections in closely
planted orchards (3,750 trees ha- '); at age four yields were four times those
normally expected at age seven from standard plantings with 270 trees ha-'
(Hansche & Beres 1980). Also, a new compact variety of avocado has been
selected from a seedling population, and there are good prospects of combining
the compact habit with high fruit quality (Barrientos-Perez & Sanchez-Colin
1983).
D. Selection for improved fertility in regions with low spring
temperatures
Responses to specific climatic conditions can be important determinants of
yield, particularly responses to low temperatures at flowering time. But, rather
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than select for low temperature tolerance, a common approach has been to
select for late flowering. This can be achieved by selecting for late vegetative
bud:burst on one-year-old apple and pear seedlings, because dates of flowering
and vegetative bud-burst are correlated (Tydeman 1964; Thibault 1979).
Differences in flowering time are largely determined by differences in winter
chilling requirement in temperate fruit tree crops (high requirements leading
to late flowering); this fact was recognized by Wilson  et al.  (1975) when
selecting for late flowering in plums  (Primus domestica) and by Spiegel-Roy
and Alston (1979) for pears. There is, however, a risk of selecting varieties
with such high chilling requirements that they cannot be satisfied in some
seasons. This risk is much greater in apples than in plums (which naturally
flower four to five weeks earlier), and results in sparse spasmodic flowering
and poor fruit set. It is also necessary to avoid the deleterious effect on
cropping of shorter leaf area durations and fruit developmental periods. A
further problem with apples and pears arises from delaying blossom time to
a later, warmer period, when the risk of infection from fireblight  (Erwinia
amylovora) is increased. Blossoms are the main sites for fireblight infection.
To achieve maximum fruit set in apples and pears, it is best to select varieties
with frost- or cold-resistant blossoms, which flower either at the normal time
or only slightly later than normal. The 'rate of pollen tube growth differs in
response to temperature in different varieties of apple (Petropoulou 1984) and
peach (Holub 1981), which suggests that there are good prospects of genetically
improving fruit set in areas liable to experience cold spring temperatures..
The degree of self-compatibility is another determinant of yield. Orchards
with self-compatible fruit trees need not contain low value pollinators, and so
can give greater economic yields. The main English plum variety, `Victoria',
and most of the sour cherries (Prunus cerasus) are self-fertile. The sweet cherry
'Stella' was specifically bred for self-fertility (Lapins 1971), while at least
partially self-fertile mutants of the apple `Cox's Orange Pippin' have been
produced by irradiation (Campbell & Lacy 1982).
There are prospects of developing parthenocarpic varieties of some fruits,
particularly pear, fig and citrus. This develoPment would not only remove
the need for separate pollinators, but would also, in many cases, reduce
dependence on critical temperatures for fertilization.
E. Chilling requirements and cold hardiness
Two factors which affect theproductivity of fruit trees when they are grown
outside their normal climatic limits are their winter chilling requirements and
their cold hardiness. Low chilling requirements are essential for varieties of
temperate fruit crops grown in subtropical regions. Successful Varieties of
peach (Bowen 1971), pear (Sherman et al.  1982) and apple (Oppenheimer &
Slor 1968), with low chilling requirements, have been bred for these regions.
Clearly, cold hardiness is essential when extending fruit growing to colder
regions, and this has been achieved by using wild species as donors of cold
hardiness, eg  Pyrus ussuriensis for pear (Stushnoff & Garley 1980),  Malta
baccwa for apple (Macoun 1928) and  Poncirus tnfoliata  for citrus (Goliadaze
1980).
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F. Economic yield
An important distinction exists in fruit tree crops between biological yield
and economic yield. High yields are required of high quality fruits of the right
size, free from blemish or damage due to pests and diseases. Thus, pest and
disease resistance is an important determinant of yield, as also is a natural
propensity to thin fruits from fully set trusses to single fruits (which will attain
a good commercial size), as occurs in the apple 'Mailing Jester'.
IV. PEST AND DISEASE RESISTANCE
Resistance breeding must be concentrated on those pests and diseases of
greatest economic importance in order to justify the long-term programmes
needed, often involving the transfer of high levels of resistance from wild
species. The pests and diseases of greatest importance are those (a) which are
difficult or impossible to control chemically, (b) which are expensive to control
chemically, and (c) for which chemical control presents serious spray residue
problems, contravening food regulations or interfering with the biological
control of other pests and diseases.
A. Foliar diseases
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The fungal foliar diseases apple scab  (Ventura inaequalis)  and apple mildew
(Podosphaera leucorricha) account for the largest part of the pesticide costs in
apple growing. To achieve good control of apple mildew, up to 17 spray
applications arc necessary in English orchards during the growing season.
Most new European apple varieties carry a higher level of mildew resistance
than the main commercial varieties Golden Delicious and Cox's Orange
Pippin. This resistance has been achieved by stringent field selection in the
second or third growingseasons after germination. Mildew resistance is under
polygenic control (Brown 1959) and is rarely sufficient to permit a complete
relaxation of the spraying programme. Such polygenic resistance is transmitted
to only a small proportion of seedlings in progenies. Attempts to incorporate
such low levels of resistance can drastically handicap breeding progress in
complex breeding programmes designed primarily to produce high yields of
high quality fruits. However, high levels of simply inherited mildew resistance,
sufficient to allow a complete relaxation of spraying programmes, have been
found amongst  Malus  species and introduced into commercial breeding
programmes. Second backcross derivatives from the resistant, small-fruited
species  M. robusta  and  M.  zumi have good commercial fruit size, good skin
finish, and good flavour and texture, as well as resistance to mildew. In
addition, they are precocious and therefore potentially high-yielding (Alston
1983a). Very high levels of resistance, derived from these two  Malus  species,
have remained effective in unsprayed plots for nearly 20 years. However, care
is taken to combine both simply inherited and polygenetically inherited
resistance in mildew resistance selection programmes (Alston 1977-). A similar
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approach has proved effective in programmes incorporating monogenic resist-
ance to apple scab derived from
 Ma lus floribunda,  and several good scab-
resistant apple varieties have been released. This source of resistance has
remained effective in unsprayed conditions for over 40 years. But, again, it
is probable that the stability of the single major gene resistance can be very
significantly enhanced by polygenes (Rouse Ile  et al.  1975).
B. Root and shoot diseases
Most diseases which affect the roots or shoots of fruit trees are difficult to
control chemically. Sources of resistance to apple canker  (Nectria galltgena)
have been identified (Alston 1970a; Kruger 1983) and selection techniques
involving wound inoculations have been used on young seedlings (Alston &
Bates 1978). Cut-shoot tests on one-year-old wood have proved effective as
an initial screen for resistance to collar rot  (Phytophthora cactorurn) among
apple scion selections (Alston I 970b).
Three new commercial sweet cherry varieties resulted from a programme
that combined resistance to bacterial canker  (Pseudomonas morsprunorum) with
high yield and good fruit quality (Matthews 1979). Selection was based on
leaf scar inoculation of five-month-old pot-grown seedlings, followed by re-
inoculation into the bark parenchyma of seedlings that showed no signs of
infection. The appearance of a more virulent strain of the bacterial canker
pathogen posed a serious threat to this programme (Freigoun & Crosse 1975).
However, resistance to both races is now combined in the newer varieties.
The bacterial disease fireblight  (Envinia amylovora)  is the most serious
disease of pear. High levels of resistance have been transferred from
 P.
ussuriensis and  P. serotina,  but the most promising commercial selections are
derived from cultivated varieties (Zwet & Keil 1979). Seedling selection
techniques involving whole plants (Zwet & Keil 1979) or cut shoots (Alston
1973) have been developed. Resistant selections are normally verified by
inoculating shoots'on young trees, either in the field (Zwet 1977) or in a cool
glasshouse (Alston I983c). Although resistandein cultivated varieties is found
in only a small proportion of the seedlings, the level of resistance can be very
high, justifying stringent screening of large populations. Another approach is
to breed for fireblight avoidance concurrently with selection for high yield
and precocity. This approach involves selecting types with a tow incidence of
secondary blossom (the prime site for infection in areas with low spring
temperatures).
C. Pest resistance
Striking examples of strong, simply inherited resistance to aphids occur in
apple, to both the rosy leaf-curling aphid (Dysaphisdevecta) and  the rosy apple
aphid (Dysaphisplantagmea)  (Alston & Briggs 1958, 1970). It takes no more
than five days to screen selections for resistance to these two pests among two-
month-old seedlings growing in a glasshouse. The virus-induced disease,
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sharka, of peach could potentially be controlled by selecting for known
resistance to its polyphagous aphid vector,  Myzus persicae(Maison et al. 1983).
Pest and disease resistance is important when breeding new rootstocks and,
as mentioned, is a component of fruit quality in scion varieties. At present,
resistance is generally regarded as a bonus in new scion varieties bred primarily
for improved horticultural and market qualities.
V. FRUIT QUALITY
There are four broad quality categories: appearance, eating quality, storage
quality and processing quality. Appearance usually involves fruit size and
shape, as well as colour and skin finish. Eating quality covers all aspects of
flavour, flesh colour and texture. Storage quality depends on a number of
factors, including resistance to physiological disorders and those caused by
pathogens. In all crops, shelf life and transport performance are important —
in most  Primus  crops, these are critical components of quality. Processing
quality depends on canning and cooking performance, case of peeling, fruit
size, flesh colour and juice quality.
In nearly all tree fruits grown for fresh consumption the sugar/acid balance
is the critical component of flavour, the most favoured combination being a
moderate to low acidity combined with a high sugar content. The texture and
colour of the fruits also affect sensory appreciation; in apples, in particular,
crispness is an important aspect of texture. Other examples of specific features
important in quality selection are seedlessness in citrus, absence of stone cells
in pears, and absence of astringency in persimmons  (Diospyros vniniana).
Selection for flavour in apples is practised by the breeder, within well-defined
limits; for texture, acidity and sugar content (Alston & Watkins 1984),
followed by critical tasting by panels and consumers when sufficient fruits are
available. After preliminary selection for storage and transport qualities, it is
necessary for sufficient quantities of élite selections to be grown to enable
large-scale experiments to be conducted using fruit from a range of sites,
before definite recommendations can be made on their commercial value.
The nutritive value of tree fruits has received little attention in breeding
programmes, although a wide varietal variation in vitamin C content has been
reported for many fruits, including the apple (Knight 1963). In addition,
varietal differences have been reported in the dietary fibre content of apples
(Gormley 1981).
There are many instances of major quality characters being under simple
genetic control. Single dominant genes control acidity, fruit colour and flesh
colour in apples (Alston 1981), flesh colour in Prunus  salicina,  the Japanese
plum (Hurter 1962), and skin hairiness, stone attachment and flesh colour in
peaches (Hesse 1975).
Although direct assessments of fruit quality must necessarily await the end
of the juvenile phase, attempts have been made to correlate subsequent fruit
characters with the vegetative characters of one- or two-year-old seedlings.
While correlations are not high, there are good prospects of selecting for fruit
acidity within large populations of apples, on the basis of seedling leaf pH
(Visser & Verhaegh 1978), provided information is available on the parental
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genotypes. In addition, the proportion of apple trees that produce small fruits
can be substantially decreased by the routine of discarding small-leaved
seedlings at age 18 months.
As mentioned, resistance breeding is an important aspect ofquality improve-
ment. Many fruit storage disorders can be controlled by post-harvest dips,
but these are now forbidden in many European countries. Also, it is likely
that increasingly stringent regulations-will be introduced to control the sale
of fruit from sprayed plantations; some large retailers already prefer to sell
fruit from plantations with limited spray programmes.
VI. ROOTSTOCKS
In all fruit tree crops, breeders are aiming to select new rootstocks with
particular attributes, additional to their role as vehicles for the multiplication
and establishment of scion varieties. The most important attribute of rootstocks
is an ability to control the size and fruit productivity of the scion. A further
important attribute — uniformity of tree size and performance — is usually met
by clonal multiplication, although selected seedling provenances and hybrid
lines are also used in some crops such as apple (Spangelo 1971) and apricot(Primus anneniaca) (Layne & Harrison 1975). In addition, apomictic seedling
rootstocks of apple are being developed (Schmidt & Kruger 1983) and in
citrus and mango  (Mangifera indica) crops  are propagated on nucellar seedlings
derived from selected clones. Selection and breeding for resistance to root and
stem diseases, especially those caused by  Phytophthara  sp., resistance to
drought, waterlogging, salt tolerance and lime-induced chlorosis, are more
important than size control in some areas. Mass selection techniques are used
wherever possible; for instance, young apple rootstock seedlings can be
screened in seed trays for resistance to  Phytophthora cactanon  (Watkins &
Werts 1971). Selection for improved nutrient uptake by rootstocks is a means
of improving fruit storage quality in some scion varieties. In pears, clonal
rootstocks of quince are frequently used, because they control tree size, they
root easily, and they have a beneficial effect on fruit quality in some regions.
Considerable variation exists amongst pear scion varieties in their compatibility
with quince stocks. Pear/quince compatibility is controlled by a single gene
in derivatives of the incompatible species  Pyna ussuriensa  (Alston 1975).
The apple rootstock M.9 is outstanding in that it reduces growth in the
scions, and induces them to produce a high yield  of  fruits with good size. At
East Mailing, where a gene pool  of  between 60 and 70 rootstock parents has
been investigated, most elite selections have M.9, M.27 and/or MM.106 in
their parentage. M.9 and MM.106 are the most widely used clonal rootstocks,
and M.27 is a seedling from M.9. MM.106 and M.27 were bred at East
Malling
Apple seedlings can be preselected for their ability to control scion size on
the basis of the percentage  of  bark present in their roots (positively correlated
with the dwarfing effect, Beakbane & Thompson 1939) and the number  of
stomata per unit area on their leaves (negatively correlated with the dwarfing
effect, Beakbane & Maiumder 1975). Apple seedlings can also be preselected
for their rate  of  nutrient uptake during their fint three years of growth — high
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foliar calcium levels being a prime target (Kennedy  et al.  1982). Most apple
varieties grown on the established dwarfing rootstocks need to be staked, so
new dwarfing rootstocks with improved anchorage would considerably reduce
orchard establishment and maintenance costs. A wide range of root structures
are found among seedling selections (Tydeman 1933) and there are good
prospects of selecting well-anchored dwarfing rootstocks (Tydeman 1943).
Selecting for a dwarf habit among young seedlings is itself insufficient; new
selections must also be inherently precocious; indeed, the natural vigour of
one-year layers of M.9 suggests that precocity is the prime factor distinguishing
this rootstock from the more vigorous MM.106. The ability to root easily —
an essential character in a rootstock — is assessed in apple rootstocks at East
Malling from the amount of roots produced by hardwood cuttings, taken after
the second or subsequent growing seasons. It is now usual to discard seedlings
shoWing burr-knots, which produce rootstocks that sucker prolifically and are
thus more easily infected by trunk and root pests and diseases.
Many pest-resistant rootstocks have been successfully selected. The MM
series of apple rootstocks has been bred specifically for resistance to woolly
aphid  (Eriosoma lanigerum)(Preston 1966), and peach rootstocks for resistance
to the root-knot nematodes (Meloidogyne incognita and  M. javanica)  (Sharpe
et al.  1969), while an apple rootstock has been selected for resistance to the
pine vole (Micrototus pinetorum) and the meadow vole  (M. pennsylvanicus)
(Cummins  et al.  1983). The two latter examples included wild species deriva-
tives  (Prunus persicax P. davidiana for nematode resistance and  Malus pruni-
foha for vole resistance). Other successful rootstocks derived from interspecific
hybrids, or seed collected in the wild, include (a) citrus rootstocks with
resistance to  Phytophthora, tristeza virus, and the citrus nematode (Tyknchulus
semipenetrans) from  Poncirus mfoliata,  (b) chlorosis-resistant rootstocks for
peach from  P.  persicax P. amygdalus, and  (c)  semi-dwarfing plum and cherry
stocks including the cherry stock 'Colt', from  P. aviumx P. pseudocerasus, and
'Cob', a more vigorous stock of the same parentage, which is resistant to the
cherry replant disease (Thevialiopsis basicola). Thus, useful first generation
progenies from open-pollination or interspecific crosses can provide valuable
new rootstock varieties, without the necessity to pass through lengthy back-
crossing programmes.
VII. POLYPLOIDY AND APOMIXIS
A wide range of ploidy levels is represented amongst fruit tree species, varying
from simple diploids like the peach (2n = 16, n = 8) to multipolyploids like
the black mulberry (Monts  nira,  2n = 308, n = 14). The European plum
(2n = 48, n = 8) is probably an allopolyploid, derived from a natural hybrid
of  Primus cerassfera (2n = 16) and Prunus  spinosa (2n = 32). The European
plum has a good fruit size and wide environmental adaptability, while the
Japanese plum, a diploid (2n = 16) with a similar fruit size, is less adaptable
and is restricted to the warm temperate and subtropical regions. Citrus species
are consistently diploid, but a low frequency of triploid and tetraploid seedlings
occur in their progenies — triploids being particularly important because they
are seedless.
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In north-western Europe, apple and pear fruits can be small in areas with
low temperatures and short growing seasons, and in such conditions the
gigantism or `gigas effect' of polyploidy is an advantage, particularly in
triploids. The most promising triploids are those which occur by chance in
about one in 300 apple seedlings derived from diploid x diploid crosses (kinset
1947; Knight 1966). These 'natural' triploids normally arise from the fertiliz-
ation of an unreduced diploid egg cell by a normal haploid pollen grain. In
this way, two-thirds of the genetic constitution of the resulting triploid is
derived almost unchanged from the female parent. 'Mutsu' ('Golden
Delicious' x 'Indo') and 'Mailing Jupiter' ('Cox's Orange Pippin' x 'Stacking')
are examples of such triploids, which produce a much higher proportion of
good sized fruits than their maternal parents, but retain many of their
eating quality, shape and colour features. Triploids can be preselected among
I8-month-old seedlings by retaining the most vigorous, large-leaved plants.
Screening on the basis of leaf stomata] size or, as recently demonstrated, on
stomatal chloroplast number (Solovyeva 1982) might be applied as a further
selection sieve prior to chromosome counting.
In citrus, triploids do not have large cells or fruits, but they can be identified
from their seeds, which are characteristically small owing to their small
embryo/endosperm ratios (Esen & Soost 1972). In contrast, triploid seeds
of apples are usually large. Valuable citrus varieties have resulted from
diploid x tetraploid crosses, such as the seedless 'Oroblanco' grapefruit, but
spontaneous triploids are also common (Speigel-Roy & Vardi 1983). Triploid
citrus varieties tend to have low fruit yields, but triploid apple varieties can
give high yields provided there is adequate pollination in thc orchards. In
both groups of fruits, triploids produce vigorously growing trees, possibly
because of their hybrid origin.
In contrast, some spontaneous tetraploids of apple and citrus appear to be
slow growing, possibly because their autotetraploid origin has an inbreeding
type of effect. Their leaves and fruits have large cells, but their shoots have
relatively short internodes. In apples, tetraploids derived from crosses (as
opposed to spontaneous ones) are often as vigorous as diploids, but they do
not show the same heterotic effect as triploids. One example of reduced vigour
in an autotetraploid is a dwarfing tetraploid clone of the moderately vigorous
rootstock M.13 (Beakhane 1967).
Apomictic reproduction is facilitated by polyploidy, but it is also common
in some diploids (Stebbins 1980) and it is particularly important in citrus. In
many citrus species, apomictic seed formation occurs by means of adventitious
embryony, giving nucellar seedlings, which are raised as genetically uniform,
virus-free rootstocks from selected parents. A similar situation exists in the
mango. Small numbers of nucellar seedlings also occur in some varieties of
apple as a result of fertilization failure, but techniques for seed production
are not yet available. Gametophytic apomixis is found in some polyploid
Malus species where cells surrounding the embryo-sac mother cell develop
into unreduced embryo-sacs (apospory). Such Maha species have been tested
as sources  of  seed-propagated apple rootstocks, but they were not sufficiently
dwarfing or productive to be  of  commercial value (Luckwill & Campbell
1954). Dwarfing rootstocks have been selected from hybrids  of  apomictic
4. Fruit tree breeding 61
Ma lusspecies and are under test (Schmidt 84 Kruger 1983). Clonal propaga-
tion, either vegetatively or by apomixis, facilitates the maintenance of poly-
ploidy in plantation crops, providing a means of exploiting and maintaining
heterosis or similar genetic effects.
VIII. GENETIC MANIPULATION
The selection of improved clones - which may be natural mutants or the
result of genetic manipulation - has an important part to play in maintaining
established varieties in cultivation. The major North American apple variety
'Delicious' has been almost entirely replaced over the past 50 years by natural
colour and semi-dwarf mutants. A glabrous mutant of peach was selected to
give rise to a new fruit, the nectarine. The success of natural mutants has
encouraged work on the induction of mutants in fruit tree crops by irradiation
and chemical means. However, the time needed to select and establish the
stability of induced mutants can be as long as that taken to conduct a
hybridization and selection programme, while usually producing a much
smaller genetic gain involving only one or two characters. Nevertheless,
promising induced mutants have been released of established varieties, includ-
ing semi-dwarf mutants of the vigorous triploid apple 'Bramley's Seedling'
(Lacy 1982), a russet-free mutant of the apple 'Golden Delicious' (Le Lezec
1973), a compact cherry (Lapins 1963) and a seedless red grapefruit (Hensz
1971). These are mainly chimaeric mutants, resulting from indiscriminate
chromosome breakages rather than point mutations, and they can be accom-
panied by many deleterious effects - hence the need to select them carefully
and to test their stability.
There are, however, prospects of selecting more precise genetic modifica-
tions, using cell and tissue culture techniques to exploit the re-arrangement
of genetic material that occurs spontaneously during plant regeneration (so-
maclonal variation). Also, mutations can be induced more readily in cell and
tissue culture than in whole plant parts, and procedures are being developed
to facilitate rapid and efficient screening of cell and tissue culture material.
Tolerance to both the herbicide 2-4-D (Spiegel-Royet al. 1983) and high salt
concentrations (Kochba et al. 1982) has been selected for in Citrus callus.
Most of the techniques so far considered offer the potential of selecting new
varieties which differ from eStablished varieties in only one or two significant
characters. Such transformed or mutated varieties would probably be accepted
more easily by established markets than completely new varieties derived
from crossing programmes.
However, in the long term, there is no doubt that new and novel forms are
required which are quite different to those in current culture. Considerable
changes are necessary in most crops to respond to changes in environment,
growing systems and market trends. While hybridization programmes are
likely to generate most variation, the techniques of transformation and muta-
tion will be invaluable as a means of adding to the crop breeding material and
providing the fine-tuning necessary in the commercial varieties.
New techniques to enable the transfer of polygenic characters between
distantly related species are being developed in fruit crops, such as protoplast
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fusion (Vardi  et al.  1975; James  et at
 1984). Interesting developments may
also stem from anther culture (Hidaka  et al.  1979; Fei & Xue 1981). A further
possibility is the use of gene transfer techniques, including specific DNA
vectors such as  Agrobacterium tumefaciens,  which are being investigated as a
means of introducing 'key' genes controlling specific enzyme systems in other
crops.
IX. BREEDING PRIORITIES
Attempts to rapidly combine the desirable resistance, growth habit, yield and
shelf life characteristics with all the important quality characteristics of fruit
tree crops are hampered by the highly heterozygous nature of the parents,
the long juvenile phase, and the necessity to make several crosses to combine
all desirable features. Priorities have to be carefully decided, on the basis of
feasibility and the prospects of producing new varieties which will make an
early impact on the fruit industry. In apples, optimum values have been
assigned to the main selection criteria which are used at the first fruiting stage(Alston 1985), and market demands have been considered by selecting fruits
of specific types (Alston 1981).
High quality, high yield, low unit costs and easy harvesting (including tree
size control) must remain the first priorities. Also, markets require a con-
tinuous supply of fruits, so it is desirable to extend the harvest period, by
selecting for earlier or later maturity, and to select for storage ability.
Rootstocks should be bred primarily for better control of tree size and
precocity (affecting yield) and improved nutrient uptake (affecting storage).
There are also special cases where rootstock resistance to specific soil or site
problems is recognizably a first priority.
It is vital that specific priorities are defined at the start. The greatest chances
of success occur in programmes with limited aims involving large progenies
and efficient selection procedures.
X. ACHIEVEMENTS
Outstanding advances have been made in tree fruit breeding. Selection within
the MM series of apple rootstocks, bred specifically for woolly aphid resistance,
resulted in the rootstock MM.105, which has become the standard semi-
dwarfing apple rootstock in most of the world's apple-growing regions. Initial
selection for woolly aphid resistance was followed by extensive pomological
trialling before this rootstock was released. The release, more recently, of
similar semi-dwarfing rootstocks of plum ('Pixy') and cherry ('Cole) promises
to have a similar effect on those crops. The introduction of a rootstock for peach
with nematode resistance (Nemaguard) is another significant achievement.
Breeding and selection have extended the peach marketing period, and the
selection of varieties with low chilling requirements has enabled commercial
peach production to be extended to warmer regions. The development of new
easy peeling and seedless varieties has been an important factor in the citrus
industry.
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Examples of successfully introduced mutants include the nectarine, the
Washington navel orange, and the red mutants of the apple variety 'Delicious'
New, high-yielding, apple and pear varieties have been produced at East
Mailing which produce fruits with a high quality and storage potential; the
new apple varieties can produce double the yield of top quality fruit compared
with the present main English variety 'Cox's Orange Pippin' Very promising
disease-resistant apple and pear varieties have resulted from breeding pro-
grammes in North America, in particular those at Geneva, New York and
Harrow, Ontario.
XI. CONCLUSIONS
Using the various techniques of plant breeding, there is considerable potential
in all fruit tree crops to significantly increase the yield and profitability of
plantations, providing regular supplies of high quality fruit and extending
consumer choice. The importance of concentrated marketing campaigns to
establish new varieties cannot be overlooked, particularly in the case of crops
like apple where varieties are recognized not only by their fruit type but also
by their name. Thus, the main English variety, 'Cox's Orange Pippin', is
established with an individual 'brand image'.
The quality and disease resistance of fruits are likely to become an increas-
ingly important breeding concern, following steps to limit spray residues and
to improve nutritive values.
Breeding has often enabled fruit tree crops to spread to new environments,
by introducing such features asPhytophthoraresistance, chlorosis resistance,
frost resistance and adaptation to warm winters. Present trends suggest an
emphasis on apples as a world-wide fruit tree crop, as its cultivation spreads
to new areas, including the tropics. Such developments must be supported
by well-planned breeding programmes.
Continued progress in understanding and shortening the juvenile phase of
fruit trees is of crucial importance for future progress. Preselection techniques,
both in in vitro culture and in seedling nurseries, together with selection of
precocious dwarf trees for use in intensive plantations, will also improve the
efficiency and economy of most selection programmes.
Genetic manipulation techniques offer the possibility of introducing valu-
able characters into established varieties, but only rarely will such 'single step'
improvements remove all the commercial and developmental limitations of
established varieties. Improvement should proceed on a broad front, in
which mutation and gene transformation techniques provide valuable aids in
breeding programmes.
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I. INTRODUCTION
This paper presents a broad introduction to the principles that must be
considered when attempting to improve yields of tree crops in suboptimal
environments, and highlights those ways in which the special features of trees
are likely to result in approaches that are different from those appropriate to
other crops. More detailed discussion of some of the specific points raised will
be presented in succeeding chapters of this book.
The economic yield of tree crops can vary from only a very small proportion
of net primary production (eg in sugar maple the yield of syrup may be less
than I% of primary production), through fruit crops (where 60% or more of
annual dry matter production may end up in fruit — eg Avery 1975) and
conventional forestry, to systems where almost all production is used, as for
example in biomass production (see Cannell, this volume). It is therefore
difficult to generalize about methods to improve yields. In all cases, however,
the economic yield can be regarded as the product of three components: (a)
the net primary production, (b) the proportion of assimilate that is converted
to useful yield (ie the harvest indcx), and (c) the quality of the product.
Although methods for improving the harvest index and quality are very crop-
specific, it is possible to make useful generalizations concerning primary
production, so I shall concentrate on this aspect.
Before proceeding further, it is necessary to consider what is meant by a
suboptimal environment. Although one may have a general idea of an 'ideal'
environment, with fertile soil, moderate temperatures and ample water and
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radiation, many crops have evolved in, and become adapted to, environments
very far from this ideal. In terms of primary productivity of the best-adapted
species growing under natural conditions, there are great differences between
trees in the poorest climates (polar areas, cold desens and hot arid deserts)
and those found in warm-temperate to tropical regions, with long growing
seasons and ample rainfall. For example, many coniferous forest species
evolved in the subarctic, with its characteristically short season, low tempera-
tures and nutrient-deficient soils, while other species are adapted to Mediter-
ranean (eg citrus and olive), semi-arid (eg apricot) or even arid (eg date palm)
climates where lack of water is the major factor limiting yields and even plant
survival. Yet other species (eg coffee and cacao) have evolved in the shady
understorey of tropical forests, where low light limits potential yields. A wide
range of other factors, including soil problems such as salinity, water-logging
and metal toxicities (eg aluminium toxicity), and aerial factors such as fire
and high windspeeds, can also restrict the yields of tree crops.
Within each climatic zone, certain plant species may be particularly well
adapted and may have a competitive advantage. The actual productivity of a
plant in any particular environment is a function both of the climatic potential
and of the degree of adaptation.
Although indigenous species may be adapted to these non-ideal environ-
ments, in that they are successful competitors in such situations, it does
not follow that they will perform best there. When transferred to 'better'
environments, productivity and yield may increase dramatically, particularly
if interspecific competition and certain pathogens are eliminated or reduced
— as they usually are in managed horticultural or forestry plantations. A well-
known example is Pinus ragbau 2,which is extremely productive when grown,
for instance, in New Zealand, but is not so productive over its native range
in California.
It follows from the above discussion that even the natural habitat of a species
is usually suboptimal to some eXtent, so that the problem of yield improvement
is, at least partially, a question of improving 'stress tolerance'. Even in those
cases where a genotype has evolved in a particular environment and actually
grows best there, that environment may still be limiting, and hence subopti-
mal. Related species or ecotypes from elsewhere may have fewer specific
adaptations (which frequently have some yield penalty), and thus may have
a greater yield potential.
It is possible, at least in principle, to determine experimentally the optimal
conditions for any one species. We can then regard any deviation from that
environment as suboptimal for that species. Clearly, a particular environment
may be suboptimal for one species because, for example, temperatures may
be too low, and suboptimal for another because temperatures are too high.
A further point that needs explaining is the use in the title of the term
'optimizing yield' rather than 'maximizing yield'. Although the long-term
objective, where trees are groivn as crop plants, is generally to maximize the
total long-term yield, it does not follow that the way to achieve this objective
is to maximize the yield in each year. For example, too much early seed
production, as often occurs in response to stresses such as drought, flooding,
disease, insect attacks or nutrient deficiencies (see Wolgast & Zeide 1983),
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limits vegetative growth and delays the attainment of maximum production
(see below).
H. SPECIAL FEATURES OF TREES
Rational manipulation of tree morphology or physiology, and rational manage-
ment require an understanding of the special features of trees, the reasons for
the evolution of this life form, and of those situations where trees are particu-
larly well adapted. This knowledge is valuable when determining the ideal
plant types (ideotypes) for particular environments, particularly if one is to
make the most of the existing genetic base. Furthermore, the differences
between trees and herbaceous crops, both in their physiology and in the
ways  in  which they interact with the environment (eg coupling through the
boundary layer — see below), can mean that the approaches to yield improve-
ment in stress conditions that are used for field crops may not be appropriate
for trees.
It can he argued that the primary factor determining the evolution of the
tree life form has been the competitive advantage of growing tall and intercept-
ing light at the expense of other vegetation (see Walter 1973; Newman 1983;
Schulze 1982). This advantage, together with the extreme longevity of trees,
enables them to form the climax vegetation in many environments. Other
factors, such as resistance to grazing, may also be important (Walter 1973).
The evolution of the perennial habit, and of the massive woody stem, has
been necessary for the development of adequate height. Because the mass of
the necessary supporting structure increases approximately with the cube of
plant height, the assimilate available in one year usually limits the height of
annual plants to about two or three metres. Even the si7X of a perennial herb
is limited, by the fact that the assimilate available from a given leaf area is
adequate to support the maintenance respiration of only a limited amount of
non-photosynthetic tissue. The factor that enables trees to grow so much
larger than even perennial herbs is that much of thc support and transport
function is provided by non-living woody tissue, with zero respiratory
demand.
It is relevant to consider how far this evolutionary background constrains
tree crop yield. In many managed systems, such as fruit orchards, the
competitive advantage conferred by height is no longer needed, because in a
closely planted, even-sized monoculture, height would not be expected to
influence radiation interception. (It is worth noting here that, in practice,
there is a slight tendency for radiation absorption by crop canopies to increase
with height , though the effect is small (at most a few per cent) and inconsistent
— see Stanhill 1981). Another potential advantage conferred by height —
resistance to grazing — is also unlikely to be as important in cultivation as in
the wild. In fact, height may be a positive disadvantage for high productivity,
because leaf watcr potential decreases with increasing height as a result of the
increasing frictional resistance to transpiration (eg Paltridge 1973). It is only
in forestry, where the height and mass of large stems is a component of yield,
that there is a good argument for retaining the traditional tree form.
The long period of growth required before a tree can achieve a mature size
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has the corollary that it would normally be advantageous in the wild to possess
a long juvenile period before flowering occurs. One reason for this is the
obvious competitive advantage conferred where all assimilate is used for
growth in the crucial early years of establishment, leaving none available for
reproductive development. Another argument has been suggested by Ophen
(1971) (see also Paltridge & Denholm 1974), who presented a simple proof
that, for a fixed environment, seed yield is maximal when the life cycle is
partitioned into a wholly vegetative phase followed by a reproductive phase,
with a complete switch between the two at an appropriate time. This behaviour
is common in determinate annual species (eg wheat) and is found in monocar-
pic perennials (eg bamboo). In most trees, however, the reproductive phase,
once started, continues for many years, along with some vegetative growth.
This is what might be called a 'pessimistic' adaptation (see Jones 1979) in that
it allows some reproduction, even if conditions are not good enough to enable
the tree to reach full maturity. The possession of a drawn-out flowering period
is particularly important as a pessimistic or conservative response for plants
growing in very variable climates, especially where conditions are marginal
and there is a significant probability of a plant dying in any one year (Jones
1981).
In most trees, there is a general tendency for stress to increase the proportion
of effort devoted to reproduction (eg Griersonet a). 1982; Wolgast & Zeide
1983), presumably improving the chance of genetic survival. This trend can,
however, be reversed in mature trees (once enough seed production has
occurred to ensure survival of the genes). For example, irrigation of mature
fruit trees is necessary to maintain maximum fruit yield in many situations
(see, eg, Kriedemann & Barrs 1981; Landsberg & Jones 1981; Chalmerset
al. 1983) while Wolgast and Zeide (1983) showed that, in contrast to the effect
in young trees, a decrease of nutrient stress by fertilizer application to older
oak trees (more than 13 years old) led to an increased reproductive effort in
both absolute and relative terms.
Elimination or reduction of the juvenile period has particular value in
speeding the process of tree breeding, while in fruit crops early fruiting can
have large economic benefits, particularly where high-density planting systems
are adopted, so that the initial establishment of a large flower-bearing frame-
work is not required. The use of smaller plants, with shorter life cycles, grown
at high densities, also means that the 'cost' of losing individuals is less
significant than for plants with long juvenile periods. This suggests that, at
least for horticultural applications, it is likely that a useful approach would
be to breed more 'optimistic' genotypes, that divert a greater proportion of
resources to reproduction, rather than those having the characteristic pessimis-
tic tree trait of partitioning carbohydrate so as to ensure survival of the
individual in the worst conditions likely to occur.
Another pessimistic characteristic of trees is their tendency to favour stress
tolerance or survival mechanisms at the expense of high productivity. For
example, some tree species tend to have a particularly marked stomatal closure
in response to increased humidity deficits in the air (see Bradford & Hsiao
1982), which may help to stabilize transpiration rates fromforests (Roberts
1983).
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Two other relevant biological features of the tree life form are as follows.
First, the large environmental buffering capacity that it confers, particularly
in terms of the capacity for damping rapid environmental changes (eg short-
term temperature and water status fluctuations are damped within tree tissues
as a result of the large thermal mass and water content of the trunk); longer-
term buffering is provided by the tree's capacity to withstand relatively long
stress periods, partly by using the substantial carbohydrate reserves that can
build up in woody tissues (eg Priestley 1970). Second, the perennial framework(taken to an extreme in evergreen species) provides a mechanism allowing
almost complete utilization of short growing season environments.
Another important feature of trees is the effect that plant height has on heat
and mass transfer through the crop boundary layer and on the 'coupling'
between plant and atmosphere (Jarvis 1981, and this volume). The aero-
dynamic roughness of a plant canopy, and hence the canopy conductance for
heat and mass transfer, increases with crop height and is probably also
enhanced for spaced plants, as in many orchards (Monteith 1973). The high
boundary layer conductance of tree crops results in their evaporation rates
being much more closely determined by changes in stomatal conductance
than is the case in field crops (Jarvis 1981, and this volume). These effects
can have important implications for optimization of water use efficiency in
tree crops, in comparison with herbaceous plants (eg Jones 1976).
In the remainder of this paper, I shall consider how far it may be possible
to make the most of specific features of trees, or to overcome some of
their special disadvantages, when attempting to improve yields in marginal
environ ments.
HI. METHODS AVAILABLE FOR IMPROVING YIELD
Techniques available for obtaining yield improvements include (a) the use of
improved management systems, (b) the breeding or introduction of new,
specifically adapted cultivars, and (c) the use of different, better-adapted
species. Management approaches can include those that attempt to eliminate
or reduce specific environmental &mstraints, such as the use of irrigation
where water is limiting, frost protection (eg by heating or water sprinkling),
fertilizer application, and even manipulation of the light environment (eg•
the use of shade trees). However, I shall not consider such environmental
manipulations further, and shall concentrate on those methods that affect the
plant or its response.
Appropriate management procedures include the use of artificial growth
regulators to modify tree growth, flowering, fruit set , tree size, stomatal
behaviour, etc, and the use of different planting systems, as well as pruning,
thinning and training practices to optimize yield production or light intercep-
tion.
Whether yield improvements are to be achieved by breeding, or by changes
in management practices, depends on the relative ease of making the required
changes in plant type by each approach. Although some yield improvements
can be, and have been, obtained from entirely empirical studies where only
final yields are studied, there is enormous potential for a more physiological
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approach based on improvement of particular components  of  the yield process.
The determination of thc particular character required is a process that is
common to both breeding and management approaches and will be discussed
in the next section.
IV. DETERMINATION OF OPTIMUM PLANT TYPES
The elucidation of optimal plant types or ideotypes for high yield (whether
to be achieved by breeding or by management) is a difficult problem, not
least because of the complex interactions and internal compensations and
feedbacks involved in the yield process (Jones 1983). The best plant for any
particular situation involves a series of compromises between conflicting
requirements. For example,  if  one considers a case where drought is the main
limiting factor, the partitioning of carbohydrate between root and shoot, or
between yield and continued root growth, must be optimized, as must the
degree of stomatal opening (Jones 1981).
The procedures for determining ideotypes in trees are the same as those
available for other crops, though the constraints upon the chosen combination
of characters are going to be different. It is probably true to say that, in the
past, most advances have relied on empiricism, and what might be called
'inspired guesswork' (usually based on long experience), and that there has
been relatively little successful application of the physiological or reductionist
approach. In some cases, particularly when concerned with stress tolerance,
it is possible to use an intermediate approach, and screen for the character
without attempting to determine the precise physiological mechanism in-
volved. For example, improvements in stress tolerance can be achieved by
selecting seedlings for survival at high temperatures or high salinity, while
similar screens can also be applied to populations of cells in culture. Because
stress tolerance (in terms of survival) is usually negatively related to yield; it
is necessary to combine this type of screen with one for yield.
Perhaps the most powerful tool for identifying appropriate ideotypes is the
mathematical model, which enables one to investigate the consequences of
possible alterations in plant characters, both to determine the optimum
combination of characters for any environment, and to identify those charac-
ters where greatest yield improvements could be achieved with least effort (eg
Brunig 1976; Rose & Charles-Edwards 1981; Jones 1983). Effective modelling
requires (a) a knowledge of the environment, including the probability distri-
butions .for different weather conditions, (b) a knowledge of the particular
environmental factors limiting yield, (c) an understanding of the way each
character considered contributes to yield, and the control mechanisms in-
volved, and (d) — as an essential final step before large-scale application of the
results to management or breeding — a validation  of  the chosen ideotype or
management strategy. One technique is to use isogenic lines, but the long
generation time in most tree crops, coupled with the extensive backcrossing
required, limits its value in tree crops. In such cases, use of naturally occurring
sports or artificially induced mutants may be more practical.
I shall now illustrate the application of modelling to the identification•of
frost- or drought-tolerant genotypes.
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A. Avoidance of spring frosts
The use of modelling can be demonstrated by using a very simple model to
investigate the ideal time for flowering in fruit crops so as to maximize
production. The ideal flowering date should be late enough to escape damage
by late spring frosts in most years, yet early enough to allow sufficient time
for fruit growth. Using a knowledge of the sensitivity of flower buds to freezing
temperatures at various stages in their development, and of the normal rate
TABLE I. Stages of apple fruit bud development, the normal date cach stage is
reached (mean for the years 1955-64 for Cox's Orange Pippin at East Mailing, from
Hamer 1980), and critical temperatures at which 50% of the buds are killed (Richardson
et al. 1976)
Development Normal Critical
stage date temperature
(°C)
Bud burst I April —10-0
Mouse ear (3-4 leaves) 6 April —7-2
Green cluster (5+ leaves) 16 April —4-4
Pink bud (half buds coloured) 24 April —3-3
Open flower (first open) 2 May —2-8
of flower bud development (Table I), together with a meteorological record
of the occurrence of frosts over many years at a particular site, it is possible
to calculate the earliest date, in each of those years, when the plant of interest
could have flowered without significant frost damage. This enables one to
determine the probability (f(d)) of at least 50% of flower buds surviving for
plants flowering on any date (d) (Fig. I). At East Mailing, there are about 60
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FIGURE 1. Probability of more than 50% of apple flower buds avoiding frost damage
on trees flowering on different dates at East Malting, England, and Simcoe, Ontario.
Distributions were calculated using the developmental sequence and frost sensitivities
given in Table I, and frost records for 1925-83 (East Mailing) and 1953-79 (Simcoe).
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days between the dates when there are 90% and 10% probabilities of damaging
frosts. In the more continental climate of Simcoe, Ontario, the corresponding
period is about 25 days. The simple calculation used to obtain Figure I could
be improved by modifying the rate of bud development according to prevailing
temperatures (Hamer, unpublished data); this narrows the range of dates
where damage is uncertain, but it has only a small effect on the final conclu-
sions.
The relationship between the average annual yield (it) and the flowering
date (d) can be expressed as
= f(d).Y(d)
where Y(d) is the expected yield in the absence of frost damage. Unfortunately,
our understanding of how Y(d) varies with flowering date is incomplete; many
factors such as the effects of fruit set on fruit size, and environmental effects
on fruit growth and maturity, need to be considered in a complete model.
However, it is instructive to consider some possible extremes. One extreme
is that the potential yield is not affected by flowering date: this gives a yield
probability distribution of the same form as Figure I, where the long-term
average yield would increase to a maximum with later flowering. This would
imply that the genotypes that flowered latest would be the best. In practice,
however, there is likely to be some decrease in yield potential with later
flowering, though the magnitude of this effect is uncertain. In a rather similar
model, used to estimate the optimum date on which frost-sensitive shoot
buds should initiate growth, Lockhart (1983) assumed that Y(d) was simply
proportional to the length of the growing season. Although useful, this is
clearly too simplistic, because radiation and temperature are also important,
especially in the spring.
For apple, the date of fruit maturity is relatively little affected, for any
cultivar, when flowering is delayed or advanced by altered temperatures
(Luton & Hamer 1983), so that we can assume a fixed date of maturity as .
another extreme, and make the extreme assumption that potential fruit yield
is proportional to the radiation receipt between flowering and maturity. (This
assumption is clearly unrealistic, because the time between flowering and
maturity is a function of summer temperature (Denne 1963), and probably
also of other climatic factors.) The yield probability distributions calculated
on this basis for fruits with two different maturity dates at East Malling are
presented in Figure 2. This extreme calculation is likely to over-estimate,
significantly, the effect of flowering date on potential yield, but, as the precise
effect is not known, we shall have to assume a real result somewhere between
the two extremes.
Notwithstanding the uncertainty, it is clear.from Figure 2 that there is only
a slight disadvantage in delaying flowering until all risk of frost is over. This
is true for plants with either short or long fruit growth periods, as long as the
available growing period (before the onset of autumn frosts or severe water
stress) is long enough. As a final general point, it should be noted that the
best flowering date may also depend on the economic situation of the farmer
concerned. Some farmers may be more concerned with avoiding serious frost
damage every year, even if that prevented them from obtaining the maximum
possible yield, while others may wish to maximize the long-term average yield
(or, more likely, the long-term average income).
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FIGURE 2. The effect of flowcring time on the relative yield of apple trees growing
at East Mailing. The solid lines refer to fruit maturing on 15 August, and the dashed
lines to fruit maturing on 31 October. 'Ile upper line in each cast represents the
potential yield in the absence of frost damage (assumed proportional to total incident
radiation over the period), while the lower line is the mean yield over many years.
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B. Drought tolerance
Because of the widespread importance of drought to crop production, there
have been many attempts to define characters that confer drought tolerance,
but those characters generally conflict with those required for high yield,
so that optimization is necessary for any particular crop and environment
combination.
Optimization theory has been used, for example, to investigate the optimal
partitioning of carbohydrates between root and shoot. Schulzeet aL (1983)
showed that, when water is not limiting, maximum biomass is achieved by a
plant that partitions the minimum amount of carbohydrate to new roots
required to maintain its leaf water status. Unfortunately, this model does not
consider the situation where soil water becomes limiting, in which case a
more pessimistic behaviour would be better, with the degree of pessimism
depending on the probability of future rainfall (Jones 1981). Other models
have been used to investigate optimal root system form (Landsberg & Fowkes
1978) and especially stomatal behaviour (Jones 1976,1981; Cowan & Farquhar
1977; Cowan 1982). It is, however, only in relation to stomatal behaviour that
attempts have been made to extend the models to more realistic variable
climates (Jones 1981; Cowan 1982). In general, the more variable the climate,
the greater the advantage of the more pessimistic responses. Unfortunately,
this type of approach has not yet been applied explicitly to tree crops, which
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are frequently better able to survive periods of severe drought (eg by going
dormant) than annual crops, though the models (particularly that of Cowan
1982) could be applied to perennial plants.
The main considerations relating to optimal water use (whether controlled
by stomatal movements or by leaf area changes) are illustrated in Figure 3.
This figure shows how the optimum assimilation rate (assumed to be closely
related to the evaporation rate) changes during a rain-free period. All curves
indicate that the rate of water use should ideally decline with time during a
rainless period (when the length of that period varies randomly), with the
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FIGURE 3. Optimal changes in the mean daily rate of assimilation with tit, where t
is the time since it last rained, and T is the average interval between rainfalls. The
different curves represent the optimal sequences for different initial rates of water use
(and hence assimilation), and depend, among other things, on T, with low initial rates
being necessary if the expected wait until the next rainfall is long (after Cowan 1982).
exact shape of the curves depending on the probability of rainfall (represented
by T — the average time between rainfalls) and on processes that compete for
water (eg soil evaporation) (Cowan 1982). Where the average time between
rainfalls is short (the upper curves), higher mean rates of assimilation (and of
water use) can be sustained without the plants being likely to die from drought.
The lower curves represent the more conservative behaviour necessary when
the period between rainfalls is long. This information can help in the definition
of ideal patterns of stomatal behaviour or leaf area development for specific
envi ronments.
V. CONCLUSIONS
It has not been possible, in a paper of this length, to discuss in detail all the
ways in which yields of different tree crops can be optimized in all types of
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suboptimal environment. What I have attempted to do is highlight those ways
in which trees differ from many agricultural crops, and to illustrate the ways
in which this information can be used in studies to identify the appropriate
crop ideotypes for specific situations. In particular, it is clear that it is necessary
to identify those features of any environment that are most limiting. It is also
worth remembering that both breeding and management approaches to yield
improvement in managed crops need not be constrained by those characteris-
tics of trees that have evolved solely as an adaptation to natural environments
(eg competitive ability).
Despite the tremendous potential for improvement that exists in tree crops,
the advances that have been made to date have been attributable largely
to improved management and not to improved genotypes. A major factor
contributing to the slow genetic improvement of tree crops is the extremely
long-term nature  of  a tree breeding programme. The magnitude of improve-
ments achievable by altered management practice is clear from the fact that
mean apple yields have more than doubled since the early 1950s in both the
UK (Jackson & Hamer 1980) and the Netherlands (Wertheim 1980). The
data for the UK apply to a single cultivar (Cox's Orange Pippin). There
remains enormous scope to improve yields further by adopting novel manage-
ment systems (such as meadow orchards, Luckwill el ai. 1972), increasing the
use  of  growth regulators, and making genetic improvements.
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I. LIGHT INTERCEPTION AND LEAF DEVELOPMENT
There is often a linear relationship between annual dry matter production and
the amount of solar radiation intercepted by the crop. Furthermore, the
relationship between quantity of intercepted radiation and annual production
of dry matter is closely similar for crops as different as apples, barley, potatoes
and sugar beet (Monteith 1977).
The amount of light intercepted by a crop during its growing season is a
function of the seasonal distribution of its  kaf area index.  But ever since the
pioneering work of Watson (1952), it has been recognized that, in temperate
climates, one of the major factors limiting annual dry matter production in
arable crops, such as sugar beet, is the slow developinent of a leaf canopy in
the spring.
The situation is similar in late-flushing deciduous trees, although the
presence of preformed leaf primordia in the resting buds ensures that a high
leaf area index can be achieved in a few days, once flushing commences. A
considerable amount of potential dry matter production is lost in the spring
if bud-break and flushing do not occur until considerably later than the
improvement in light conditions. Light conditions improve rapidly in late
March and April, whereas some broadleaved deciduous species, such as
Quercus  and Fraxinus, may not flush until well into June. However, early
flushing incurs the risk of damage by spring frosts, which has to be set against
the advantages accruing from a longer growing season. A mathematical
approach to this problem has been adopted by Lockhart (1983), who has
developed a model predicting optimum growth initiation -times for buds of
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deciduous plants based on maximizing average annual photosynthesis as a
function of photosynthetic rates, length of growing season and the probability
of late frost. A different approach has been adopted by Cannell and Smith
(1984), who have carried out a detailed study of the probability of spring frost
damage in young trees of Picea sitchenstsin Britain, based upon predicted
dates of bud-burst in relation to meteorological records of spring frosts.
Detailed studies have been carried out on the factors determining the time
of bud-break in Pseudotsuga menziesii(Campbell & Sugano 1975, 1979) and
Picea sitchensis(Cannell & Smith 1983). Bud-burst in these, and other conifers
of the temperate zone, requires a period of winter chilling, followed by warmer
temperatures in the post-dormancy period, but there is an interaction between
these two requirements, and an absence of winter chilling can sometimes
be replaced by long photoperiods in late spring. There appear to be no
corresponding detailed studies on deciduous hardwood species.
There is evidence of considerable intraspecific genetic variation in the time
of bud-burst, within both evergreen conifers such asPicea abies(eg Worrall &
Mergen 1967), and broadleaved species (Kozlowski 1964), so there may be
considerable scope for achieving earlier flushing by breeding. However, the
risk of damage by spring frosts is a major problem, and probably prevents
any major advancement of flushing dates in sensitive species, but, with
very late flushing deciduous species, some advancement of flushing time by
selection seems feasible.
II. TEMPERATURE AS A FACTOR LIMITING TREE
GROWTH
Apart from the effects of temperature on the time of bud-break and the growth
of preformed leaf primordia in the bud, temperature will affect tree growth
throughout the growing season. This discussion will be confined to the effects
of temperature on height growth and dry weight increase — the interaction
between temperature and photoperiod on the time of growth cessation will
not be considered. Even so, the effects of temperature on growth rate will be
highly complex, because it directly affects the rate of almost every process in
the plant. As well as affecting general metabolism, temperature also affects
the rates of cell division and cell expansion which underlie the overall growth
processes. Moreover, temperature affects the photosynthetic rate and hence
the supply of assimilates available for growth (ie 'source activity'), as well as
the rate of utilization of assimilates in growth and storage of reserves('sink
activity'). Dry matier allocated to the formation of new leaves will, of course,
increase thephotosynthetic capacityof the tree, as a 'positive feedback' process,
and hence will promote a greater absolute growth rate.
The rise in mean temperatures in the spring lags behind the improvement
in light conditions by several weeks. Growth processes, such as leaf initiation
and leaf growth, generally show higher temperature minima and higher
temperature coefficients than does photosynthesis (Monteith & Elston 1971),
so that under cool conditions the growth rate of arable crops (and presumably
of trees, also) is frequently limited by the rate at which assimilates can
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be utilized in growth, rather than by the rate of assimilate production in
photosynthesis. Consequently, in many temperate regions, low temperature
may constitute the major factor limiting plant growth, even during late spring.
What evidence is there that tree growth may be limited by temperature
during the growing season, and to what regions does this apply?
There are accurate data for the effects of temperature on photosynthetic
rates in trees (Neilson  et al.  1972), but, bearing in mind the complexity of
temperature effects, together with the difficulty of growing sizeable trees in
controlled environments, it is not surprising that, except for small seedlings,
the available information on the effects of temperature on tree growth (as
measured by dry matter production) is very sparse and lacking precision.
However, the temperature responses of older trees are likely to be closely
related to those of younger ones, because the same processes of cell division
and cell expansion underlie the growth processes, irrespective of age.
Studies on seedlings and young trees indicate that the optimum temperature
for height growth in  Picea abies, Pinus sylvestris and  Betula pubescens is in the
region of 20-25°C (Håbjørg 1972), and the same temperature range appears
to apply to dry matter production in  Pinus resinosa  (Kozlowski & Borger
1971). When these temperature optima are related to the mean summer
temperatures in the northern boreal forest zone (or in the British uplands), it
is clear that temperature must be a major limiting factor to tree growth in
those areas for most of the growing season. Thus, ori a  priori grounds, it is
highly likely that tree growth is limited by temperature in such areas (in
addition, very often, to mineral nutrient deficiency and water stress).
Indirect evidence in support of this conclusion comes from a number of
studies on shoot growth in trees (Miller 1965; Lavender 1980). In Finland, a
model was applied to a study of height growth in  Picea abies, Pinus sylvestris
and  Betula  spp. under field conditions (Hari & Leikola 1974). Tree heights
and temperatures were recorded at frequent intervals, ånd the effects of
temperature on growth were assumed to be closely correlated with its effects
on respiration. With this assumptiOn, there was close.agreement between the
observed and the predicted increments in height throughout the season.
Similar results were obtained in a further study with  Pinus sylvestris,  using a
modification of thc earlier model (Pietarinen  et al.  1982). These findings
provide indirect evidence that temperature was, indeed, a major limiting
factor for tree growth under the environmental conditions of southern Finland.
Patterns of shoot growth in trees vary considerably and may be either 'free'
or 'episodic'. In species with u period of free growth (such as  Betula  and
Populus),  the temperature throughout the growth period will directly affect
the rate of shoot growth, including leaf initiation and expansion and internode
elongation. In species with episodic growth (such as  Quercus and Pinus) , shoot
growth in the spring involves the expansion of primordia laid down in the
resting bud during the previous year; and temperature will affect both the
rate of current elongation growth and leaf expansion, and also the rate at
which primordia are laid down in the bud (and hence the growth in the
subsequent year).
If we are correct in concluding that temperature may be a major factor
limiting tree growth in some areas, what scope is there for increasing the
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growth rate at cool temperatures by selection and breeding? That is to say,
what evidence is there that there is genetic variation within tree species with
respect to growth responses to temperature, and what would be the prospects
for achieving higher growth rates at cool temperatures by selection and
breeding? Thcre is very little information on variation in temperature re-
sponses within species of woody plants, but there is considerable evidence for
such variation in herbaceous species.
III. GENETIC VARIATION IN TEMPERATURE
RESPONSES
It is common knowledge that there are marked differences between species
in their ability to grow at cool temperatures, but there have been relatively
few studies on the extent of genetic variation in temperature responses within
a single species. However, it has been shown that there is considerable ecotypic
variation in growth/temperature responses within various grass species, in-
cluding  Daaylis glomerata, Lolium perenne and  Festuca anindinacea (Cooper
1964; Eagles 1967). Mediterranean races of these species show higher leaf
growth rates during the winter months than do Scandinavian races, and
studies in controlled environments have shown that there are marked differen-
ces between populations of different origins in their ability to grow at cool
temperatures. Similar genetic variation in growth responses to temperature
have been shown for  Festuca  rubra  (011erenshaw et  al.  1976).
Håbjorg (1972) studied the effects of photoperiod and temperature on
growth and development of three latitudinal and three attitudinal populations
of  Benda pubescens.  In an experiment under controlled environmental condi-
tions, in which the photoperiod was constant and temperature was varied,
significant differences were observed between the populations in the optimum
temperature for growth.
Very little is known about the special aspects of metabolism which confer
the ability to grow at cool temperatures, although there is an increasing body
of information on genetic variation within species with respect to the effects
of temperature on metabolism, especially on photosynthesis (see Berry &
Birirkman 1980; Berry & Raison 1981; Graham & Patterson 1982).
Oxyria  digma  is a species with a wide circumpolar distribution, but also
with a wide latitudinal distribution at high altitude sites in North America.
Studies on northern and southern populations of the species showed the
optimum temperature for photosynthesis in plants from Alaska was in the
region of 15-19°C, whereas in alpine populations from Colorado it was in the
region of 30-35°C (Mooney & Billings 1961). Moreover, the respiration rates
at cool temperatures were significantly higher in plants from the northern
population, as might be expected for plants adapted to grow at low temperat-
ures. Other studies on Oxyria  digma  have shown that the photosynthetic rate
of plants from some European populations reaches half the maximum at
temperatures as low as 0°C (Pisek  et al.  1973). Trees of  Picea excelsa and
Pinta  cembra from the timberline in Europe have lower temperature optima
for photosynthesis than those from lower altitudes (see Pisek  et al. loc. dt).
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Slatyer and his associates have carried out extensive studies on altitudinal
variation in the photosynthetic characteristics of  Eucalyptus pauctflora  in
Australia (Slatyer I977a, b; Slatyer & Ferrar 1977). There were marked
differences between populations in the optimum temperature for photo-
synthesis, the material from the lowest elevation (warmest) site showing the
highest temperature optimum and significantly higher rates of net photosyn-
thesis at the highest growth temperature, while the material from the highest
elevation (coldest) site showed the lowest temperature optimum, and higher
rates of photosynthesis, at the lowest growth temperature.
The thermal characteristics of photosynthesis are markedly affected by the
temperatures at which the plants are grown. In general, plants grown at cool
temperatures show a higher rate of photosynthesis at low temperatures than do
plants grown at higher temperatures, and are hence said to show 'acclimation'.
Acclimation has been shown for the photosynthetic rates of high and low
altitude populations of  Eucalyptus pauciflora  (Slatver 1977a, b). Moreover, the
temperature optima at given sites vary with the season, indicating acclimation
to the prevailing seasonal temperature regime (Slatyer & Morrow 1977).
It is clear that, as well as being able to carry on active photosynthesis at
low temperatures, plants adapted to cool conditions must be able to maintain
active metabolism, if they are to be able to grow under these conditions. It
has, indeed, been known for many years that the rate of respiration at 20°C
is higher in plants native to cold climates than in those from-warm climates
(Forward 1960). Stocker (1935) observed that the average-rate of respiration
for three tropical species at 30°C was the same as that for three arctic species
at 10 °C. The respiration rates of plants of Oxyria  cligytta were found to be
significantly higher at low temperatures in plants from arctic populations than
in those from alpine sites (Mooney & Billings 1961). Higher respiration rates
in cold-adapted populations have been reported for  Festuca rubra (011erenshaw
et al.  1976; Stewart & 011erenshaw 1977). The application of normal tempera-
ture coefficients of two to three would lead one to expect that the metabolic
ratcs of plants would be greatly decreased at low temperatures, but the finding
that this is not the case in cold-adapted species raises the interesting question
as to how this temperature adaptation is achieved at the molecular level.
IV. VARIATION IN THERMAL PROPERTIES OF
ENZYMES
The chilling injury shown by tropical and subtropical species when they are
exposed to low, non-freezing temperatures has' been attributed to a change in
the cell membranes from the fluid to the gel state, as indicated by a change
in the slope of the Arrhenius plot for certain enzymes (Lyons 1973). By
contrast, in temperate species adapted to cool temperatures, this phase transi-
tion in cell membranes does not occur at non-freezing temperatures. Thus,
the ability to grow at cool temperatures must depend upon the ability to
maintain the membranes in a fluid state.
However, there is increasing evidence, particularly from studies on cold-
blooded ('ectothermic') animal species, that adaptation to cool temperatures
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also involves evolutionary changes in the thermal properties of their enzymes
(Hochachka & Somero 1973). Several strategies are open to an organism to
increase the rate at which an enzyme-controlled reaction proceeds at a lower
temperature. One way would be to increase the amountof enzyme present at
the lower temperature. There is good evidence that the activitiesof several
enzymes in ectothermic animals are higher at lower temperatures, but whether
this is due to higher concentrations of the enzyme is not known. In some
plant species there appears to be a strong correlation between the activity of
the photosynthetic enzyme, ribulose-1,5,bisphosphate (RuBP) carboxlase,
in extracts of leaves and their photosynthetic rates at suboptimal temperatures
(Berry & Raison 1981). Arctic populations of Oxyria divna have high RuBP
carboxylase activity when compared to alpine ecotypes from warmer sites
(Chabot et a). 1972). Moreover, increases in the level of enzymes involved
in photosynthesis, such as RuBP carboxylase, are apparently important in
acclimation to lower temperatures (Berry & Bjorkman 1980).
Another possible strategy would be to produce enzymes which function
more efficiently at cool temperatures. There are two major characteristics of
an enzyme which affect its effectiveness at any given temperature: (a) the
affinity between the enzyme and the molecules of its substrate, and (b) the
freeenergyof ac6vationfor the reaction catalyzed.
The affinity between enzyme and substrate is given by the value of the
Michaelis constant (Km), which is defined as half the saturating concentration
of substrate — a low value of Km indicating a high affinity. The value of
Km falls with temperature, indicating that the affinity increases at lower
temperatures, but with some enzymes there is a temperature at which the Km
is a minimum, and below this the affinity decreases. Studies on various animal
species indicate, for several enzymes, that binding affinity is high at the
temperature to which the organism is adapted.
Enzymes act by reducing the activation energy required for a given chemical
reaction to occur. The question arises as to whether enzymes in organisms
adapted to cold conditions can be made more efficient by lowering the
threshold energy of activation further. There appears to be good evidence that
this does occur in several cold-blooded animal species.
Comparable studies on plants are much less advanced than for animals,
although there is increasing interest in the subject. There are several studies
which point to lower Km values in cold-adapted plant species (see Graham &
Patterson 1982). The activation energy of RuBP carboxylase, extracted from
Galtha intralobaplants which had adapted to low temperatures, was lower
than that of species from warmer environments (Phillips & McWilliam 1971).
Studies on widely distributed ecotypes of Typha latifohaprovided evidence
for differences in NAD malate dehydrogenase (MDH) properties in clonal
populations from different 'climates. Genotypes could be differentiated and
ordered according to the apparent energies of activation, thermostabilities and
activity levels of MDH on a pattern related to climatic origin (McNaughton
1974). It was suggested that differences in thermal properties found in ecotypes
of T. laufoliamay be due to differential synthesis of MDH isozymes differing
in thermal properties.
A recent study was carried out on Lathyrus japonicus,which has a wide
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geographical distribution in eastern North America, and in which there is
evidence of ecotypic variation in the properties of certain enzymes (Simon
1979a, b). The thermal properties of NAD malate dehydrogenase were investi-
gated in eight clonal populations. Clones from cooler sites had consistently
lower activation energies under three contrasting growth temperature regimes.
The Km values at different substrate concentrations indicated that enzyme-
substrate affinity was temperature-dependent and decreased at the higher
temperatures, with distinct differences between populations from northern
and southern sites. Similar differences were found in a comparison of the
kinetic properties of MDH in clones of  L. japonicusfrom a cold maritime site
(Hudson Bay) and a warm summer continental site (Lake Michigan) (Simon
I979c).
V. CONCLUSIONS
Hitherto, although it was self-evident that plant species differed in their
adaptation to environmental temperature conditions, we knew nothing of the
physiological and metabolic basis of these differences, and the possibility of
breeding for higher growth rates at cool temperatures appeared a very formid-
able and extremely long-term task. However, the demonstration that there is
considerable intrasPecific genetic variation in growth/temperature responses,
involving the thermal properties of various enzymes, and that such variation
seems to underlie natural adaptation to different environmental conditions,
opens up the prospect that significant.progress could be achieved by breeding.
Variation in growth/temperature responses isa Very easy character for which
to select . Moreover, it is likely that such Variation in the properties of metabolic
enzymes will be expressed at an early stage of seedling growth, as well as in
older trees, because we have found that the temperature responses of young
grass seedlings of diverse origins are closely correlated with those of older
plants of the same populations under field conditions (Elias & Wareing,
unpublished). Thns, intense selection for growth at low temperatures could
be carried out on large numbers of seedlings at an early stage of growth. Such
selection would need to be carried out at upland sites, where environmental
conditions would be similar to those under which the mature trees would
hive to grow.
It might be objected that', if we select for higher growth rates at cooler
temperatures, it would lead to earlier flushing, and hence to a greater risk of
frost damage. However, as mentioned, the time of bud-burst is determined
by the chilling requirement and by the 'thermal-time' requirements during
the post-dormancy period and it seems very probable that the biochemical
basis of the chilling requirement is different from that determining the growth
rate after bud-burst, so that  the  genetic control of these two processes is likely
to be independent .
The prospects for significantly improving dry matter production in agricul-
tural crops by increasing the rate of photosynthesis do not appear to be very
promising in the short term (Monteith 1977), and indeed the photosynthetic
rates of highly productive modern varieties of wheat appear to be no higher
than those of their wild ancestors (Evans 1975). It has long been recognized
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that the most promising approach for increasing biomass production in
agricultural crops lies in improving the efficiency of light interception and the
'harvest index'. The same argument has been advanced for improving the
growth rate of trees (Wareing 1964), but an undue amount of attention
continues to be paid to studies on photosynthesis, as against studies of the
effects of temperature on growth (Monteith 1981). Attention to this matter
has recently been drawn again by Jarvis and Leverenz (1983), who emphasize
the need for studies on the influence of temperature on leaf growth in forest
trees:
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I. INTRODUCTION
There are many avenues along which forest plantations might be directed
toward the goal of increased productivity (DeBell et a). 1977).  Some involve
the silvicultural manipulation of the stand trees and their competitors; others
involve enhancement of site productivity by fertilization, site preparation,
drainage and irrigation; another concerns the control of insects, diseases, fire,
and other destructive agents; and a fourth involves the genetic manipulation
of the trees. All approaches are interrelated, and usually will be applied in
concert. To cite an example of the potential pay-offs, Farnum et al. (1983)
reported that, using the four avenues cited above, the productivity of planta-
tions of Pseudotsuga menziesu and Pinus taeda  in the United States can be
increased up to 70% and 300% respectively, compared with natural forests
on the same sites. Similar gains have been realized, or could be expected, in
other important species.
This discussion will focus on one aspect of tree genetic improvement,
namely the specific goal toward which a tree breeder should strive. In a broad
sense, this goal is to increase tree or stand growth, while minimizing losses
to injurious agents. But a breeder needs a much more specific, highly focused
goal, so that progress can be more easily measured.
It should be emphasized at the outset that the primary unit of genetic
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manipulation is the tree, not the stand. Although the plantation is the basis
of increased forest productivity, it is the creation of the silviculturist. Breeders
select and breed individual trees and, at the start of any tree improvement
programme, they must ask this question: in a particular environment (or on
a certain type of site), using a prescribed silvicultural system, and assuming
a well-defined end use of the harvested trees, what are the precise traits of a
tree of the species under consideration that will produce a yield that approaches
maximum? The answer to this rather complex question is a model tree, an
'ideotype', and is the first step towards bioengineering an improved tree
species.
II. THE CONCEPT OF THE IDEOTYPE
C. M. Donald developed the idea of breeding model plants or ideotypes in a
now-classic paper (Donald 1968). The term idcotype literally means 'a form
denoting an idea', but Donald went on to define it in a more precise, biological
way. In its broadest sense, an ideotype is a biological model which is expected
to perform or behave in a predictable manner within a defined environment.
More specifically, a crop ideotype is a plant model which will yield a greater
quantity or quality of useful products than conventional cultivars or wild
plants. The formulation of an ideotypc is a truly practical step, because it
provides a clear, workable goal toward which plant breeders can work. The
use of ideotypes has begun to infiltrate the field of agronomic crop genetics(eg Adams 1982), but it has not become an operational pan of most tree
breeding programmes.
A. Why an ideotype?
Aside from providing a clear, well-defined goal for a breeder, there areOther
reasons for spending time and resources in the formulation of ideotypes.
Donald (1968) suggested that ideotypes provide an opportunity to devise and
examine a combination of characters that otherwise may .not appear in
breeders' plots for centuries. A corollary, more relevant to tree breeders, is
that an ideotype provides a guide to the selection of potential breeding stock
from wild populations. Individual trees in a natural forest community have
evolved to survive and reproduce — a quite different strategy from that required
of trees in an intensively managed plantation. Thus, a tree that is ideally
adapted for fast growth in an intensively managed plantation could be at a
competitive disadvantage in a natural forest community, and could easily be
overlooked. It is well known that high-yielding cultivars of agronomic crop
plants are unsuited for survival in the wild.
Another justification for the use of ideotypes is that they can be used as a
basis for understanding the physiology of the crop (Donald 1968). The
initial design of a crop ideotype is, in essence, a framework to build upon
physiologically, an opportunity to eventually arrive at a synthesis that leads
to greater understanding of the whole plant. Such syntheses are rare for forest
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trees. Furthermore, wood yield is a polygenic character; only by breaking
yield down into its components, and systematically dealing with them one by
one canmajor break-throughs be made in tree improvement (Ford 1976).
Significantly, the ideotype can provide a working link between physiologists
and breeders, a union with much potential synergism.
The ideowpe concept is, perhaps, best justified by giving an example from
field crop breeding. In Michigan, slow progress was made towards increased
yields of  Phaseolus vulgaris,  using the conventional 'selection for yield' ap-
proach (Donald 1968). Then, in 1972-73 an ideotype was formulated. Selection
for the ideotype within the available population proved to be unprofitable,
but, by screening mutants from atomic-irradiated seed, and by introducing
genes from the tropical black bean, several promising genotypes were iden-
tified which conformed to the hypothesized ideotype (Adams 1982). Recent
independent field tests by commercial growers showed that the new varieties
have outyielded standard varieties by 20-40%. The potential for similar
success surely exists in 'many tree species, although progress may be slower.
B. Construction of an ideotype
An ideotype is not a wistful construction born of unproven assumptions or
opinions; it is rather a deductive product founded on a detailed understanding
of plant morphology and physiology. Donald (1968) proposed that the design
of crop ideotypes will depend on knowledge and experimental data in several
areas, such as photosynthesis, sink dynamics, and conipetition, and for
woody perennials one might add phenology and ageing. Several authors have
discussed yield components in trees (Wareing & Matthews 1973; Gordon
1975; Cannell 1978; Farmer 1978; Dickrnann 1979), but not in the context
of ideotype construction, and for many major tree species knowledge of the
components of yield is still sketchy.
I.  Photosynthesis
The success that plant breeders have enjoyed in increasing crop 'yields has
not stemmed from modifications in the basic chemistry of the photosynthetic
process (Evans 1980). However, the efficiency with which photosynthesis
occurs in individual plants or stands has been increased by manipulating plant
structure or by improving the environment for plant growth (eg by applying
fertilizers or irrigation). Nevertheless, Evans (1980) does add that further
increases in the yield of agronomic crops will depend heavily on raising the
inherent photosynthetic potential of leaf chloroplasts. There may be several
approaches to this end, including regulating photorespiration (Zelitch 1975)
or dark respiration (Gifford & Evans 1981), reducing the size of the photo-
synthetic unit (Radmer & Kok 1977), or increasing the capacity of chloroplasts
to acclimatize to low leaf water potentials (Matthews & Boyer 1984). Progress
in these areas will probably be enhanced by employing the techniques of
biotechnology. However, heavy investment in research to increase the photo-
synthetic potential of tree crops is probably unwarranted at this time, because
more tractable approaches to yield improvement have yet to be fully exploited.
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A more practical way to increase photos!inthetic productivity is to alter leaf
characteristics and crown architecture, to enhance light interception and to
optimize the environment for photosynthesis within the stand. Genetic varia-
tion has been shown to exist in many tree crown characteristics such as (a)
specific leaf weight, (b) stomatal responses, leaf fluttering, and other adapta-
tions that minimize the adverse effects of high heat loads and water stress, (c)
leaf orientation, shape, size, and duration, and (d) branch number, angle,
length, arrangement and longevity. Analyses of tree form (Horn 1971; Tomlin-
son 1983; White 1983a, b) suggest that certain architectural models, defined
by fairly rigid empirical rules, prevail in nature;. these models should be
studied before the crown of a tree ideotype is designed.
As is true with most ideotype characteristics, the crown structure prescribed
will depend strongly on the growth environment of the tree (Brunig 1976).
Compare, for example, the branching of the ideal Pinus sylvestristree proposed
by workers in Finland (Karki 1983; Karki & Tigerstedt, this volume) and
Poland (Jankiewicz & Stecki 1976): the Finnish tree has short, thin branches
inserted at a 90° angle, whereas the Polish ideotype has thin, short, upright
branches inserted at acute angles. Branches that arise at a 90° angle, or even
droop, are better able to shed the heavy snow loads that are common in
Scandinavia, thus preventing breakage, whereas snow loading is not such an
important problem in the Polish environment.. Plantation spacing also is a
factor that .will strongly influence the conception of an ideal tree crown.
Densely spaCed, short-rotation, intensively cultured plantations call for narr-
ow-crowned trees (Isebrands et al. 1983), whereas a broad-crowned tree may
be the prescription for a nut orchard, or a widely spaced plantation grown for
sawlogs. Utilization objectives also will affect the branching characteristics of
an ideotype. In the case' of trees grown for high-grade lumber or veneer,
branches are a major.degrading factor afid should, be small and predisposed
to early abscission.
2.
 Sink dynamics
Perhaps. the most fruitful avenue in agricultural crop improvement has been
the alteration of assimilate partitioning to increase the harvest index (Donald
1962; Evans 1980; Gifford & Evans 1981) — defined as the proportion of the
total dry matter of a crop that comprises the economic product.
Conceptually, a plant can be viewed as a network of competing sinks; those
sinks that are the largest and most active physiologically at a particular time
attract the most photosynthate and grow most rapidly. The 'strength' of the
cambium compared with other sinks determines the harvest index of a tree.
Variation in cambial sink strength relative to other sinks, and resultant
differences in harvest index, may exist in all tree species, and this variation
could be exploited. In terms of an ideotype, Adams (1982) suggested that a
plant should be engineered to consist of as many phytomeric (source-sink)
units as possible, with each phytomeric unit high in functional efficiency.
Perhaps, then, a forest tree should consist of a long crown to maximize
phytomeric (branch source/stem cambium sink) units, with branches that are
spatially arranged to intercept light efficiently, yet not so numerous as to
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induce 'feedback' inhibition of photosynthesis because of a high branch
source/stem sink ratio.
A tree is an integrated unit; any attempt to improve the harvest index will
probably produce compensatory changes which might reduce yields or lead
to excessive mortality in certain situations. Therefore, a partitioning `balance'
must be achieved for each species in a given environment. The data of Keyes
and Grier (1981) illustrate this point. On a good site in western Washington
(USA), 46% of the net primary production of  Pseudotsuga menziesn  trees went
to stemwood but only 8% went to fine roots, whereas on a poor site only 27%
of net primary production was apportioned to stemwood, with fine roots
receiving a substantial 36% (see Cannell, this volume). The survival implica-
tions of these differences in partitioning are obvious. If such partitioning
responses are at least partially under genetic control (Isebrands & Nelson
1983), then there is potential for developing high-yielding ideotypes whose
harvest index is optimized at a particular site. Clearly, there is a concomitant
danger of growing such an ideotype at the wrong site.
3. Competition
Intensive competition for available resources is the basic fact of life in forest
stands. The finite supply of these resources, bath above and below ground,
is insufficient to meet potential demand, and so in closed forest stands there
are individual 'winners' and `losers'. The winners are assured continued
survival; the losers face suppression and death. Yet there is great inter- and
intraspecific variation in competitiveness. The forest ecologists' division of
species into 'tolerant' and 'intolerant' is nothing more than a reflection of
the competitive niche of the species. Donald and Hamblin (1976) defined
competitiveness in a manner more appropriate to this discussion. They
proposed that plants could be divided into 'isolation', `eompetition' (here
referred to as ` dominating'), and 'crop' ideotypes, each with a distinct competi-
tive strategy, and each one appropriate for a particular cultural system.
The `isolation' ideotype is a free-standing tree which is able to explOit its
environment as extensively as possible. It produces a tall, dense and broad
crown Which displays foliage over a broad area (Cannell 1978), and presumably
has a deep and spreading root system. Although the growth and development
of an `isolation' ideotype måy be limited by the environment (for instance in
the dry savanna), it is nevertheless a strong competitor, able to suppress
surrounding vegetation. In terms of tree crops, the `isolation' ideotype would
be appropriate for a fruit, nut or pasture tree.
The 'dominating' ideotype tends to overtop neighbouring trees, becoming
large at their expense. Stands comprised of this ideotype soon break into
crown classes — dominant, codominant, intermediate, and suppressed — and
display a wide range of stem diameters. The 'dominating' ideotype would be
the model most appropriate for plantations of high-value species, such as
luglans nigra  and Quercus robur, where the aim is to produce large-diametered
trees yielding high-grade logs. Mortality of suppressed trees is of little conse-
quence in this situation, if the remaining trees are of the highest quality and
are growing rapidly. The silvicultural goal may be just a fewexceptionally
valuable trees per hectare at the end of the rotation.
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Finally, the 'crop' ideorypc is the model appropriate for the fibre or biomass
plantation. Individuals of the crop ideotype are not strong competitors, and
make efficient use of that portion of the basic site resources to which they
have access in a forest community (Cannell 1978). They typically have a
dense, narrow crown, with strong apical control, and produce stands with a
narrow range of stem diameters. Mortality, and the concomitant loss of
accumulated biomass, is not excessive and per-hectare productivity is potenti-
ally high. Trees of this ideotype arc the forestry equivalents of agricultural
field crops, and, like their agronomic counterparts, they require a high level
of inputs. Control of weeds during establishment, and the period prior to
stand closure, is particularly important. Once established, resources must not
become limiting in stands comprised of 'crop' ideotypes, otherwise stagnation
may occur and productivity may drop markedly. Therefore, thinning may be
necessary in long rotations, because natural thinning would not readily occur,
and would not -be desirable economically.
The preceding discussion of ideotypes for stand conditions has assumed
that the trees are established in pure species plantings. What about mixed
stands? Although not all species mixtures are compatible, and do not produce
synergistic responses (Trenbath 1974), mixtures may be desirable in certain
situations. For example, mixed plantations of nitrogen-fixing and non-fixing
species can have a greater productivity than pure stands on nitrogen-deficient
sites (Gordon & Dawson 1979; Binkley 1983). Again, the choice of competitive
ideotypes depends on the particular silvicultural system employed. If the two
species are both managed as part of the overstorey, both should be 'crop'
ideolypes. lf, on the other hand, only one species is managed as the overstorey
component (eg autumn olive, Elaegnus =bell= planted with juglans nigra;
Funk et al. 1979), then the overstorey species should conform to the 'dominat-
ing' ideotype. Many other silvicultuial scenarios could be envisaged for mixed
planting, each with its appropriate ideotypes.
Gannett (1978) cautioned that breeders may not want to adhere to a single
ideotyPe, because trees need, on the one hand, to capture the site rapidly
after planting, release or thinning (requiring an 'isolation' or 'dominating'
ideotype), and, on the other hand, to utilize the site efficiently (requiring a
'crop' ideotype). Cannell goes on to suggest that PhenotypiCally 'plastic'
genotypes, which can modify their physiology and morphology in different
competitive environments, might be desirable. This is a genetic solution to a
problem that can also be addressed silvidulturally. Proper site preparation
and weed management can ensure that a weakly competitive ideotype quickly
captures a site. Clones of Populus species and hybrids, for example, are
notoriously weak competitors, but poplar plantations can be readily estab-
lished if weeds are controlled during the fint few years after planting (Dick-
mann & Stuart 1983). This requirement for weed control argues for
consideration of another ideotypic trait — tolerance to commonly used pre-
and post-emergent herbicides. Inter- and intraspecific variation in herbicide
tolerance exists in poplars (Akinyemiju & Dickmann 1982), and probably
occurs in other tree species as well.
The degree to which phenotypic plasticity is needed depends greatly upon
the conditions under which a tree will be grown, and the type of wood
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products required. Trees destined for a general market must, of necessity, be
plastic, because they will be grown under a range of silvicultural situations.
Such trees must be more flexible than fit; that is, they must perform well over
a range of sites and silvicultural systems, rather than perform outstandingly
in a specific situation. Conversely, trees designed for a particular wood product
could be quite rigid phenotypically, and may be engineered for particular
planting sites and silvicultural systems.
4.  Pherwlogy
Seasonal physiological and morphological changes in trees are timed so as to
maximize their 'fitness', in terms of survival and growth, during an often
marginally favourable growing season, sandwiched between successive cold-
or drought-induced dormant seasons. A wide range of phenological patterns
exists within most commercially important tree species, which can be exploited
to ensure that selected ideotypes make the best use of given growing seasons
(Nienstaedt 1974). Here, the breeder cuts across the grain of evolution,
because trees tend to be very conservative in their exploitation of environmen-
tal resources, sacrificing rapid growth for stress tolerance and survival (Cannell
1979). The tendency for local provenances to under-utilize the growing season
is a reflection of this conservation, and is the basis for some successes in
moving provenances of certain species to higher latitudes  (juglans  ?Hera, Bey
1980; l'inus strobus, Wright  et al.  1976).
Not only can commonly recognized phenological traits, such as time of
bud-break and leafing out, shoot extension, bud formation and leaf abscission,
be specified in an ideotype, but also the timing of internal physiological
changes. For example, the seasonal timing of shifts in photosynthate flows
to various sinks (Isebrands & Nelson 1983), or the time of cessation of
photosynthesis in the autumn (Nelson et al.  1982) may be important. As our
knowledge of the phenology of internal processes expands, so will our ability
to precisely define these traits in a tree ideotype.
5.  Ageing effects
During rotations lasting several decades, substantial changes occur in the
physiology and morphology of the trees, as they age (Hackett 1980; Hanover
1980). These changes pose a special challenge because certain ideorypic
characters will change, so that the ideotype for a 5-year-old tree may be
quite different from that of a 40-year-old tree. Unfortunately, our present
understanding of the physiology of older trees is not sufficient for us to
construct late-rotation ideotypes for many species. Even if appropriate ideo-
types could be devised, it would be difficult to select and breed trees that
conformed to these ideotypes as they aged. It will be essential to test selections
in stand conditions for a period that encompasses most of the anticipated
rotation, particularly as juvenile-mature correlations are low for many traits
(eg LaFarge 1975; Wilkinson 1974).
Two traits of older trees require special mention. First, to maximize the
harvest index, the onset of reproductive maturity should occur late in the
rotation. Tree fruits are strong sinks for available photosynthate (Dickmann &
Kozlowski 1970), and heavy fruiting has been shown to depress vegetative
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growth in fruit and forest trees (Kozlowski 1971). An interesting side issuehere is-the effect that selection for early fruiting in forest tree seed orchard
stock will have on the reproductive characteristics of their offspring; hopefully,genes controlling growth and those regulating flowering will segregate inde-pendently. Second, the duration of the exponential height growth phase
should extend to the end of the rotation (Farmer 1978). Given the largeinherent variability in shoot growth patterns that exists within tree species,
and the trend towards shorter rotations, this objective should not be difficult
to achieve.
C. Some cautions
While the ideotype concept presents many opportunities to tree breeders,implementation of this concept is not without risk. Experience to date withtree ideotypes has been limited, so there is reason to proceed with caution.Donald (1968) raised some 'questions concerning the use of model plants,
while other doubts arise in forestry because of the unique character. of trees
and some peculiarities of the forestry enterprise.
1. Good physiological data may be lacking
An ideotype, like any other model, will be no better than the data upon whichit is built. The recent trend towards ecophysiological studies, where trces(often mature trees) are monitored in their natural environment (eg Helms1976; Hinckley et al. 1978), is heartening in this regard. For a long time, ourknowledge of tree physiology was based either on data collected from seedlingsgrown in controlled environments, or on crude field studies of larger trees.Future progress must be built upon long-term in situ studies of trees in a
silvicultural setting, even though the logistic, technological and financialproblems of conducting such studies will be formidable. Studies which
compare trees with contrasting phenotypic characteristics will be particularly
valuable (Isebrands et al. 1983).
2. A breeding programme may become unduly narrowed
The definition of a model plant is potentially dangerous, because it could
result in restricted vision and a disregard for alternative models that couldproduce equal or greater gains. Extreme narrowing of genetic variability that
would result from adherence to a single ideotype could invite disaster frompest and pathogen epidemics.
Fortunately, tree breeders have the great advantage of a large and diversegene pool from which ideotypes can be selected — perhaps in only one or twogenerations of recurrent selection , if large-scale surveys of existing populations
were made. But to ensure that sufficient genetic diversity is built into a tree
crop, several alternative ideotypes should be employed.
3. Ideorypes must be dynamic
By definition, an ideotype is a 'stop-frame' in the process of evolution, aprototype into which refinement and improvements can be built as new
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information becomes available. Certainly, there will be a lag between model
construction and its realization in a plantation, but the breeder should not
wait for this realization before revising the initial model.
Cropping systems and silvicultural technologies evolve, so those who con-
struct ideotypes must be forward-looking and anticipate future environments
(Frey 1970). This anticipation is not without its hazards, of course, and has
always been the bane of forestry. We may safely assume that demand for
wood will continue to increase, so that any step towards increased productivity
will be welcomed, but we should not select single, specialized ideotypes based
only on present silvicultural technologies..
4. Ideotypes can limit sihncultural options
Just as modern agronomic crop varieties are unable to compete and survive
without intensive cultural inputs, so may the concept of tree ideotypes imply
intensive silvicultural systems. For instance, a typical conifer ideotype has a
long narrow crown, and stands of these trees can grow to harvest age without
thinning (Karki 1983); but weed control will be necessary well into the
rotation, because the canopy may never fully close. Phenotypically plastic
phenotypes (Cannell 1978) could increase flexibility in developing silvicultural
prescriptions.
III. A CASE STUDY OF IDEOTYPE DEVELOPMENT
An example of ideotype development may be given from a co-operative
research programme among scientists at the North Central Forest Experiment
Station of the US Forest Service at Rhinelander, Wisconsin, the Department
of Forestry at Michigan State University and other universities in the north
central United States.
A. Background
The programme began in the early '1970s and was designed to provide
physiological criteria for improving short-rotation, intensively cultured
poplars. The goal was to obtain baseline morphological and physiological data
on poplar trees grown in the field. Integrated studies, of crown morphology,
photosynthesis, stomatal physiology and photosynthate distribution, were
conducted in relation to biomass yield using traditional growth analysis
(Isebrandset al. 1983). The philosophy was that detailed physiological data
on a few representative poplar clones would be valuable at the early stage of
the research programme. Studies of the few selected clones were also designed
to enable baseline physiological data, derived from trees grown in controlled
environments, to be extended to trees growing in the field.
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B. A short -rotation, intensive
-culture poplar ideotype
The ideotype, outlined in Table I, assumed the following silvicultural system
and product utilization: (a) a clone of a  Populus  species or hybrid would be
TABLE I. Characteristics of a short-rotation, intensive-culture poplar ideotypc
Growth and phenoloz,
Fast yearly shoot growth rate (>2 m yr ').
Rapid height growth earlY in the growing season to quickly maximize the leaf
area index, and slower growth later in the season to minimize vessel
formation.
Indeterminate growth habit with bud-set just prior to first frosts.
High shoot/root ratio.
Rapid shift of photosynthate How to roots after. bud-set
Weak competitor ('crop' ideotype).
Efficient use of soil nutrients.
Vigorous stump/stool sprouting, but weak root sprouting; sprouts few in number
. with strong apical control..
'Tolerance to pre- and post-emergent herbicides.
Resistance- to major pathogens (eg  Sepwria musrva, Cvwspora eluysosperma,
Melwnpsora medusae ;  and  Marssonma trunnea)  and insects (especially
defoliators and borers).
Crown and leaves
Large, vertically orienS leaves in the upper crown grading to smaller, hori-
zontally oriented leaves in the lower crown.
Leaves with a large photosynthetic rate, specifiC leaf weight, iatio of net photo-
synthesis to dark respiration, and water use efficiency.
Leaves, especially in the upper crown, retained until late autumn to maximize
the period of photosynthate production:
••Relatively few, vigoiOuS •but thin lateral branches (to maximize the harvest
index). ••
- Branches borne at an acute angle from the main stem to producc a long, narrow
crown.
Short internodes on currently expanding shoot axes to maximize the number of
'phytomeric' units.
High ratio of long (indeterminate) to short (determinate) shoots in the lower
crown.
Stem and wood propenies
Excurrent growth habit with straight central stem.
C2mbium active until late in the growing season.
Bark thin, loW in stone cell content, and with over 2130/a fibre content.
Small pith.
Wood low in gelatinous fibres and eXtractives, with vessel content <20%.
Specific gravity  c  0.4g cm3, fibre length >0.8mm.
Roots
Vigorous rooting along the entire length of hardwood cuttings.
Strongly developed taproot for anchorage and exploitation of soil water and
nutrients.
Dense fibrous root mass in the upper 10 cm of soil.
Predisposed to infection by endomycorrhizas.
Strong sink for photosynthates late in the growing season.
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grown from unrooted cuttings on a moist, well-drained, cultivated, fertile site
located in the northern Lake States (USA); (b) spacing would be approximately
2x 2 m; (c) weeds would be controlled for the first two years; (d) the rotation
would be six to eight years; (e) mechanical harvesting would be employed,
with on-site chipping; (f) whole-tree chips would be pulped for production of
linerboard; and (g) stand regeneration would be by stump coppicing.
The attributes of the ideotype for this system (Table I) were largely
morphological, but physiological and phenological characters were also
defined. This ideotype represents a refinement of the models first proposed
by Dickmann (1975) and Larson et al. (1976), and is our current conception
of an ideal tree for short-rotation, intensive culture (Hansen 1983).
IV. CONCLUSIONS
In the future, forest management will be viewed as another form of intensive
cropping, differing from agriculture mainly in the length of the rotation and
the nature of the economic end product. To fully exploit the potential of
intensive cropping systems, trees must be genetically engineered for these
systems. Implementation of the ideotype concept can provide precise descrip-
tive models, which tree breeders can work towards, and thereby increase the
efficiency of tree improvement programmes. Although problems exist in the
design and implementation of ideotypes, the potential benefits of using them
are great.
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I. DEFINITION OF FOREST TREE IDEOTYPE
Although the term ideotype is derived from agriculture (Donald 1962, 1968),
the notion of an ideotype is not new to forest tree breeding. When selecting
'plus' trees, conifer breeders have long favoured trees with narrow crowns,
thin short branches and 'good' stem form (eg Lindquist 1938, 1946). However,
tree breeders have usually focused on the attributes of individual trees rather
than on stand performance, and some have distinguished 'quality trees' from
'volume-producing trees'. In Finland we have suggested thatextremely narrow-
crowned treescan produce both high-quality timber and a high yield per
hectare, irrespective of whether the timber is to'be utilized as fibre or lumber(Karki 1965, 1971, 1980a and b, 1983). However, we would emphasize that
high yields may be realized only when new stand management regimes
are devised, based on analyses of yield-density relationships using the new
ideotypes (Drew & Flewelling 1977, 1979).
We venture to suggest that the conifer 'crop' tree ideotype (for Finland,
and perhaps elsewhere) hasstemswhich are straight, ha ie small taper, thin
bark, good-quality timber and rapid height and diameter grOwth, andbranches
which are slow-growing, are consequently small in length\ and diameter,
subtend angles of about 90 degrees with the stems, have few 'flowers, have
large leaf areas per unit branchwood weight, retain their foliage, ind produce
long, green, very narrow (columnar or pendulous) crowns (Fig. 1; also
illustrated by Karki 1985). Also, the trees should be wind-firm and tolerant
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of snow loads. Many of these characteristics are positively correlated in closed
stands (see below). We suggest that this morphology and many of the character
correlations are due to  strong, genetically determined apical dominance  (or,
strictly, apical control, Ford, this volume).
Some of the reasons why we believe that such narrow-crowned trees may
be capable of producing high stemwood yields per hectare are as follows: (a)
a large proportion of the biomass is allocated to stemwood rather than to
branches, bark and reproductive organs; that is, there is a high harvest index;
(b) there may be less competitive suppression of neighbouring small trees;
(c) there may be more effective light interception, because of the large
foliage/branchwood ratio and the large vertical crown depth (Oker-Blom &
Kellomaki 1982); (d) there will be more direct precipitation to ground level,
and less ground freezing owing to better snow cover;  (e)  there may be a
smaller nutrient demand, because stems have a smaller nutrient concentration
per unit weight than branches (Malkonen 1974; Karki 1985; see Cannell, this
volume); and (f) there will be a griater leaf area duration, and less loss due
to death of branch 'modular units' (Saarnijoki 1954; Harper 1978).
We foresee three disadvantages of the narrow-crowned tree form. First, our
crop ideotypes would lack some of the attributes of 'isolation/competition'
ideotypes as described by Cannell (1979a, b), and so might be less efficient
at 'site capture' (ie capture of nutrients and light) than normal, spreading
trees. Second, the low competitive ability of crop ideotypes may exacerbate the
amount of interference from unwanted weeds during early stand development.
And third, silvicultural systems giving the largest stemwood production within
desirable rotations might yield trees with relatively small individual diameters.
The first two disadvantages might be minimized by establishing the trees at
high population densities, while the third disadvantage needs to be analysed
with regard to yield-density relationships, as mentioned above.
We have identified some economic and management advantages of narrow-
crowned trees, apart from our assumption of high yield per hectare of valuable
stemwood. First, expensive thinning operations may be minimized, and in
some cases eliminated. Second, pruning, if desirable, is easier and cheaper
when branches are thin and at 90 degrees to the stems. Third, good bole form
makes cutting more economical, as there is more stemwood per unit basal
area (Karki 1985). Fourth, a large proportion of the trees yield fairly uniform
timber. Fifth, whole tree harvesting is easier. Finally, logging residues are
small-sized and so are easy to handle.
In Finland, several hundred narrow-crowned trees have been selected in
natural stands of  Pinus sylvestns  and  Ptcea aSs.  Many of them have been
progeny tested, and it has been shown that breeding values for harvest index
can be established at age 15 (Velling & Tigerstedt 1984). Many thousands of
grafts have becn placed in clone banks, and in seed orchards which are now
producing seed.
In  Pinus sylvestris,  special attention has been given to a genotype (a single
tree) called E1101 (Fig. 1 ll), where the narrow-crowned habit seems to be
determined by a single, dominant gene, as revealed by segregation in F, and
F, progenies. In  Picea abies,  special attention has been given to the 'pendula'
types (Fig. 1A), using open-pollinated progenies and clones (see below).
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FIGURE I. Crown forms of  Picea abies and  Pinus sylvestris found in Finland.
A. Pendulous P. abies, found at Manisa la (an ideotype), described by Saarniioki (1954)(P. abies f.  pendula). Two open-pollinated progeny tests (16 and 33 years old) and
a controlled cross all show about 50:50 segregation of pendulous: non-pendulous
crown forms.
B. A dichotype P.  abies (both broad and narrow-crowned on the same tree) found in
southern Finland.
C. A 'normal'  P. abies.
D. The very narrow-crowned  P. sylvestris, tree E1101, groWing at Punkaharju (an
ideotype). This tree is about 100 years old, 32 m tall and 44 cm in diameter at
breast height. Progeny tests indicate about 50:50 segregation of 'normal': E1101-
type crown forms.
E. A 'normal'  P. sylvestris.
II. INHERITANCE OF CROWN FORM
Variations in branching habit, such as 'fastigiata', 'pendula' and 'columnaris',
are known within coniferous and deciduous tree species throughout the world.
Genetically, such variation forms a homologous series, and if a series is found
in one species it is likely to exist in another species. Variation of this kind is
due to rare mutations and may, in fact, arise during the development of a
tree, as occurs in the `dichotype pendulous' form of  Picea abies (Fig. 1B).
As mentioned, the inheritance of a particular very narrow-crowned form
can sometimes be attributable to a single, dominant gene, as has been
demonstrated for a few pendulous forms of  Picea abies (Lepiste 1984) as well
as for  Anus sylvestris genotype E1101 (see Fig. I). The naturally occuring
genotypes must then be regarded as heterozygous carriers of the mutation.
However, in most of our spruce material, the inheritance pattern is additive,
although there are maternal effects, and pendulous parents exist which pro-
duce few pendulous individuals among their young progenies (LepistO 1984).
Apical mutation which gives rise to 'dichotypes' (Fig. 1B) is often unstable,
sometimes revening to normal when propagated from seed, like the chimeric
thornless brambles. In such cases, the breeding approach must be based on
asexual multiplication. Young pendulous spruce can be propagated vegeta-
8. Forest tree ideotypes in Finland 105
tively, but there are problems of rejuvenation and somatic variation in tissue
cultures. Ilowever, pendulous spruce also has a low female flowering capacity,
which makes it difficult to multiply by seed. Clearly, with non-uniform
patterns of genetic inheritance, the breeding strategy may be complicated.
In Pinus sylvestris, crown form can be both mono- and polygenically
inherited. Single gene inheritance in E1101 was suggested by segregation
approaching 50:50 among open-pollinated progenies at age 23. We suggest
that, in both E1101 and in some of the pendulous spruces, a dominant gene
controls apical dominance.
TABLE I. Narrow-sense heritabilities, and significant genetic correlations (Pc 0.05)
among morphological traits in a I 6-year-old progeny test of 68 full-sib families of l'inus
sylvestrisin Finland
Based on destructive analysis of five trees of each of 30 full-sib families, where hantst index
is stemwood fresh weight/total above-ground fresh weight.
The narrow-sense heritabilities (additive genetic/total phenotypic variances)
of eight crown form and related traits were derived for P. sylvestrisfrom a
field trial of 68 full-sib families (7 randomized blocks, 9-tree plots, 2-5 m
spacing) resulting from controlled crosses among 22 'plus' trees using 4
pollinators in a factorial mating design (Tigerstedt 1969): Measurements were
made in 1982 at age 16 years from seed; the trees averaged 6-4 m in height
and the canopy had closed (Veiling & Tigerstedt 1984).
The most strongly inherited characters were (a) harvest index, measured
as standing stemwood/total above-ground fresh weight (112= 0-52, Table I),
(b) diameter at breast height (h2 = 0-37) and (c) crown width (112= 0-26). We
therefore concluded that a combination of these three traits would be the best
selection criteria to use when breedingP. sylvestris.Total height was poorly
inherited (Table I), as is often the case, although many tree breeding program-
mes are based on this trait. Branch diameter was poorly inherited in this
study, which may be understood by regarding branches as 'modular units'
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affected by competition (Harper 1978). The inheritance of branching charac-
teristics was quite different in progeny tests involving E1101 or the pendulous
forms of P. abies, because these types remain narrow-crowned even when
grown as isolated individuals. Thus, the heritability of branch diameter in
one study including progenies of E1101 was 0-74 (Poykko 1982). We con-
cluded that the most effective way to decrease branch size is to exploit single-
gene effects. 'Number of branches per whorl' was poorly inherited (Table I);
however, studies including El WI progenies showed that branch numbers
and branch diameters were negatively correlated (Veiling 1982).
III. CORRELATION BETWEEN MORPHOLOGICAL
TRAITS AND YIELD
Correlations, like variances, may be genetic (ro) or environmental (rE), and
phenotypic correlations (rp) are the sum of rc rE. Phenotypic character
correlations may be positive, while genetic correlations are negative. From a
tree breeder's point of view, only genetic correlations, derived from piogeny
tests, are useful. The test material may be full- or half-sib families, or clones,
but clones will give broad-sense heritabilities (total genetic/total phenotypic
variances), and imply that vegetative propagation will be used for afforestation.
Genetic correlations among the traits measured in the 16-year-old trial
discussed above showed that increased breast height diameter meant more
branches per whorl, greater stemwood fresh weight and a high harvest index
(Table I). Also, trees with a large volume tended to have a small ratio of
branch to stem diameter (BD/D). Negative correlations existed between
breast height diameter and stem slenderness (height/diameter) reflecting larger
variation in diameter than in height, and resulting in more tapering in the
high-volume trees. Most importantly, we found that trees with a high harvest
index tended to be narrow-crowned, and to have relatively small branches.
Similar relationships were reported by Cannell et al. (1983) among clones of
l'icea sitchensisand Pinta contona. In our trial, the harvest index of different
full-sib families ranged from 0-43 to 0-57, and families with high harvest
indices varied greatly in stemwood fresh weight: that is, these two traits were
not significantly correlated.
IV. SUGGESTIONS FOR THE EXPLOITATION OF
FOREST TREE IDEOTYPES
A. Selection procedures
'Plus' tree selections in Finland were initially made among the phenotypic
variants within natural stands, assuming polygenic inheritance. Comparisons
between four 'plus' tree progenies and unselected controls at age 20 have
shown that such selection increased breast height diameter by 2-3%, height
by 6-8%, branch angle by 3-6%, number of branches per whorl by 8-6%,
stem volume by 12-9%, and decreased branch thickness by 10-0% (Veiling
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1982). Thus, conventional 'plus' tree selection has improved the ideotypic
traits listed above.
The results of artificial selection suggest that natural selection does not
favour the crop tree ideotype, but rather a type that is more spreading and
competitive. The tree E1101 (at Punkaharju; Fig. ID) has been growing free
from competition for 50 years, while the very narrow-crowned pendulous
spruces (at Mantsala; Fig. IA) have been repeatedly freed from competition
by thinning during the past 40 years. We suggest that crop tree ideotypes
should be selected in open stands, or before severe competition begins, but
at an age when the crown form traits are expressed (from about age 15 in our
field trials). In birch (Betula pendula), where genetic gains have been shown
to be much greater than in conifers, selection can be done from about age 10
onwards.
In Finland, the conservative selection and breeding strategy based on
polygenes will continue, but an alternative 'progressive' breeding strategy has
begun based on monogenic inheritance of strong apical dominance in pine
and spruce.
B. Silvicultural aspects
The 'crop' ideotype concept must include crop physiological and crop eco-
logical aspects of forest trees. Crop physiological aspects include crown form,
branch and stem characteristics, stemwood growth and the harvest index,
while crop ecological aspects include competition and phenotypic plasticity.
We would draw attention to the concept of 'ecological combining ability'
(Harper 1967), the ability of different genotype. s to interact in mixtures, and
to two empirical 'laws' of plant communities: (a) the 312 power law of self-
thinning (Yoda et al. 1963) and (b) the reciprocal yield law (Shinozaki & Kira
1956; Perry, this volume). These laws have recently been applied as forest
management models for Pinus radiata and Pseudotsuga menziesii(Drew &
Flewelling 1977, 1979), and similar attempts are being made in Finland for
Pinus sylvestris, Picea abies and Benda pendula (Kellomaki & Nevalainen
1983). This is a new attempt at constructing yield models, recognizing that
population structures are both density-dependent and genetically regulated.
Pendulous spruces and E1101-type pines need to be fitted into these new
models. At present, conclusions concerning their yield are largely speculative,
and have to be verified in large silvicultural experiments. In such experiments,
we need to study the effects of different initial planting densities and different
thinning regimes. We also need to study the effects of genotype and species
mixtures, possibly combining narrow-crowned conifers with fast-growing
deciduous tree species, exploiting differences in 'ecological combining ability'.
Forest tree breeding to produce 'trees as crop Plants' can be efficient only
if it is closely followed by research on silvicultural management systems. We
believe that a fundamentally new approach is needed to make full use of the
potentials. Ideotype development in agricultural plants during this century
has resulted in increased harvest indices in almost all cases, from tubers to
beans and cereals. The harvest index has often been improved by 20-40%.
This change has usually been based on intuitive selection for types that allocate
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more of their biomass to the valuable parts of the plant. But yield increases
by using crop ideotypes in cereals have nearly always been accompanied by
an increase in stand density. The ideology in this case has been that every
individual in the stand must produce a valuable yield. We suggest that this
should also be taken as a goal in the exploitation of forest trees.
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I. INTRODUCTION
The roots and shoots  of  plants are capable  of  growth throughout their lives,
owing to the presence of relatively undifferentiated cells with unrestricted
developmental potential (Wareing & Graham 1976). The classic work  of
Steward (1970), in which whole carrot plants were grow from single cells,
clearly demonstrated the totipotency  of  parenchyma cells, which in many
species can dedifferentiate and develop into new plants (Street 1976). For
centuries, horticulturists, botanists and foresters have exploited this capacity  of
plant cells to multiply and differentiate in a variety  of  propagation techniques.
The capacity  of  trees to be propagated vegetatively ought in theory to be
similar to that  of  herbaceous plants; however, their greater size and structural
complexity at maturity result in a loss in rooting ability which has to be
avoided or overcome by using young plants, coppice or 'rejuvenated' shoots
(Zimmermann 1976). Also, the capacity for vegetative propagation in trees
varies greatly between species and genotypes, and is affected by both their
environment and physiological state. Some examples of these influences will
be described in this chapter (see also Komissarov 1969; Bonga & Durzan
1982; Hartmann & Kester 1983).
II. VEGETATIVE REGENERATION IN NATURAL
STANDS
Many plants, notably weed species, have evolved the ability to regenerate
vegetatively from intact or detached plant pans, some of which are specialized
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organs (Leakey 1981). In trees, this form of vegetative propagation is relatively
uncommon, but a few examples are given below.
Sucker shoots grow from intact root systems in a number of genera,
including  Ulmus, Robinia, Pninus, Malus, Populus and  Liquidambar. Suckers
normally develop either from newly initiated meristems on young roots with
a developed bark layer and some secondary thickening (Eliasson 1971a), or
.from preformed shoot primordia developing as protuberances in the phellogen
of older roots up to about 2.5 cm in diameter (Schier I973a). Suckers are
apparently prevented from developing, at least in  Populus tremula,  by the
accumulation of auxins in the roots, and are stimulated by treatments or
events interrupting their translocation from the shoots (Eliasson 1971b, c).
Apart from the regeneration of cut aspen and other poplar stands in the USA,
little piactical use is made of suckering on intact root systems, although sucker
shoots could be collected and planted. In a few instances, techniques have
been developed to increase the incidence of suckering, as in potted seedlings
of  Agathis robusta (Whitmore 1977) and in natural stands of  Santalum album
(Mahmood Husain & Ponnuswamy 1982).
In the annually burned zone of tropical Australia; rhizomes and lignotubers
provide a survival mechanism for a range ofEucalyptus species, which maintain
a subterranean 'bank' of viable, dormant buds for root and shoot production
(Lacey  et al.  1982). In a somewhat similar way, old and isolated trees of
Dotyphora sassafras and  Euayphia moorei, in the cool temperate rainforests of
Australia, are adapted to regenerate by producing new shoots from their
swollen stem bases (Johnson Sr, Lacey 1983). In North America,  Quercus
gambelii and  Prunus virginiana produce a shallow network of rhizomes, bearing
some large roots which extend vertically downwards to a deep-feeding root
system (Schier 1983).
Some intact prostrate branches or buried stems are able to produce roots
when in contact with damp ground. This natural 'layering' ability is particu-
larly well seen in some tropical species (Hall & Swaine 1981) and it is exploited
in the propagation of various fruit and ornamental tree species (see IIIB,
below).
Adventive polyembryony (the asexual multiplication of seeds by agamo-
spermy or apomixis) occurs in  Shorea agami  and  Shorea ovalis — emergent
trees of the Malaysian tropical forests — and it may be common in the
Dipterocarpaceae (Kaur  a al.  1978; Jong 1980). It also occurs in apple, and
is well known in cultivated fruit trees like  Cious, Eugenia, Garcinia  and
Lansium,  originating from the tropical forest understorey.
III. VEGETATIVE PROPAGATION IN ARTIFICIAL
SYSTEMS
A. Graft formation
Scion/rootstock grafting is an age-old practice, and numerous techniques have
been developed by horticulturists and foresters (Garner 1979; Hartmann &
Kesler 1983). They all exploit the ability of cambial cells, placed and held
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firmly in close contact, to produce callus, uniting the graft, and subsequently
differentiating new vascular tissues. The ability to produce a graft union,
which will not disintegrate or break, is a composite function of many genetic,
environmental, anatomical and physiological factors.
1. Genetic factors
Plants with continuous Cambial layers which can readily be placed in direct
contact are easiest to graft; they include all true woody species. Grafting
success is greatest between closely related plants (Hartmann & Kester 1983);
heteroplasticgrafts between plants of different families and genera are rare,
and different species within a genus can be difficult to intergraft, although
over 800 combinations are known (Sziklai 1967). Among the spruces, Picea
abiesand P. glaucaare used as rootstocks for at least six other species (Hoist
et al. 1956). Compatibility in interspecific grafts is sometimes successful only
when using specific clonal combinations, as with peach and almond scions
on plum rootstocks, in which even reciprocal clonal combinations can fail
(Hartmann & Kester 1983). Very easy and compatible unions often result
from homeoplasticgraftings between clones of the same species, as they do
from autoplasticgrafts within a clone. In a few instances, as in peaches, certain
species will graft better on to other species than on to themselves.
2. Enznroninental factors
Probably the most common environmental causes of grafting failure are losses
of cell turgidity and desiccation, sub- or supra-optimal temperatures for
rapid cell growth, the incidence of disease (particularly virus infections) and
movement of the scion on the stock. Great care has to be taken to protect the
thin-walled, tender parenchyma cells from water stress, which might arise
internally through excessive transpiration from the scion and/or externally by
inadequate protection of the graft itself.
The need for rapid cell division in the cambium means that grafting should
be done at a time of year when temperatures are favourable and the tissues
are active or breaking dormancy. In temperate zones, these conditions often
occur in spring when, for example, grafting success in Pseudotsuga menziesii
can exceed 90% (Copes 1970). In the tropics, the equivalent situation occurs
prior to the transition from dry to rainy seasons (Okoro 1976). In hot climates,
it is often necessary to shade the grafts - this provides a cod, moist environment
and can considerably extend the grafting period (Hearne 1971).
3. Anatomical factors
The capacity to develop a compatible union is greatly dependent on the closejuxtaposition of the cambium across the graft, giving direct and functional
connections within the xylem and phloem. Cell recognition, callus formation
and differentiation are critical steps in graft formation (Hartmann & Kester
1983). In Pinus sylvestrisand Picea attics, cell division first occurs most
vigorously in those regions of the stock that act as storage places for nutrients,
like the parenchyma cells of the rays (Dormling 1963), but, in well-matched
grafts, tissues external to the cambium produce the most callus.
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4. Physiological facwrs
Normally, it is essential for vigorous growth that the stock and scion are
correctly orientated. Thus, in stem grafts, the proximal end of scions are
inserted into the distal ends of stocks, and, when shoots arc grafted on to
roots, their proximal ends are brought together (Hartmann & Kester 1983).
Despite a considerable body of practical evidence suggesting that the
condition of the stocks and scions is important for the successful development
of a graft union, there are few physiological data indicating which aspects are
important. Seasonal variation has been demonstrated in apple, by comparing
field-grown micro-grafted scionsin vitro with those grown in vitro: consistent
year-round success was achieved in the latter but not the former (Huang &
Millikan 1980). Greatest.success with field-grown material is usually achieved
when the scion is dormant, but has been chilled, and when the stock is
beginning to make active growth (Holst et al. 1956). However, there are few
data to explain why this is so. Furthermore, little is known about the role of
plant hormones in the development of a graft union.
The compatibility of graft unions is ultimately a function of biochemical
events. Two types of incompatibility have been observed: those that are
translocated and those that are localized; only the latter can be overcome by
the insertion of a compatible interstock or incompatibility bridge. Translocated
incompatibilities involve phloem degeneration and necrosis, while localized
incompatibilities often result from translocation difficulties, such as the ab-
normally early termination of xylem growth (Copes 1975).
Biochemically, the compatibility of a graft union may depend on recognition
events between the division products of cells within the vascular tissue and
cortex, but little work has been done using tree species. In autoplastic grafts
of tomato, a pectinaceous common wall complex is produced between stock
and scion, which subsequently becomes thin in places to allow the develop-
ment of plasmodesmatal connections between cells that are in contact. Jeffree
and Yeoman (1983) suggested that the cell walls become thin in response to
an exchange of diffusible messenger molecules, providing a direct structural
linkage between membranes of opposing cells and a pathway for molecules
with a recognition function. This may be a critical step in a hierarchy of
recognition events, determining the capacity of a graft to form a compatible
union. However, incompatibility between pear(Pyrus convnunis)and quince
(Cydonia oblonga),in warm climates, is attributed to the catabolism of a
cyanogenic glycoside (prunasin) ascending into the pear scion from the quince
stock (Gur et al. 1968). Other evidence on the causes of incompatibility
implicates peroxidase activity in the phloem. Thus, grafts betweenPrunus
cultivars produce quantitatively more, and qualitatively different, peroxidases
above and below the union (Schmid & Feucht 1982), and peroxidase activity
is negatively correlated with in vitro micro-grafting success in peach(Primus
penica)(Pdesselet al. 1980).
B. Layering
The stimulation of rooting on intact stems (layering) has traditionally been
used in several forms. Mound layering or stooling has been used to propagate
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apple and pear rootstocks, where success can depend on the size of the
plants established in the stoolbed (Howard 1977). Simple layering is used to
propagate filberts  (Cory lus maxima) and air layering, or marcottage, is used
on litchi  (Nephelium litchi)  and mature pines (Hartmann & Kesler 1983). In
all these circumstances, the part of the shoot to be rooted is kept in the dark
under the soil or enclosed in a polythene-covered bundle of moss. The bark
may be removed or cut, to promote the accumulation of carbohydrates and
endogenous hormones, and auxins may be applied to the wound. The greatest
success is achieved in spring, using vigorously leafy shoots. In the tropical
hardwood Triplachitan scleroxylon, root formation was greatest on leading shoot
internodes and declined with increasing order of branching. Auxins were
beneficial and disbudding was detrimental to rooting (Okoro & Omokaro
1975). Marcotts were more successful on large trees than on saplings, and the
capacity to form roots was greatest in August, at the end of the growing
season. By contrast, air layering of  Monts alba, Ficus carica, Grewia optiva
and  Acacia catechu is most successful before the, Indian monsoon (Khosla  et
al.  1982).
C. Propagation from root and rhizome fragments
As mentioned above;shoot bud primordia can form on intact roots(inPopulus,
Salix, Prunus,  etc). The initiation and development of these buds can be
stimulated in summer by artificial fragmentation, which releases them from
the effects of high levels of endogenous auxin and inhibitor (Eliasson 1971c).
In  Populus tremula, the  levels of inhibitor were ten times greater in root
fragments in the light than in the dark, but shoot growth was unaffected. The
absence of 3 inhibitor in dark shoots may enable suckers to emerge on roots
at great depths in the soil (Eliasson 1971b).
In  Populus trenwloides, sucker production was increased by treating root
fragments with (a) ethylene-releasing 'Ethepon' at 100 mg 1-1(Schier &
Campbell 1978), (b) the anti-auxin ci-(p-chlorophenoxy)isobutyric acid
(CPIBA) in June, when their auxin content was greatest (Schier 1975), and
(c) gibberellic acid (GA3) in July, applied to visible buds (Schier 1973b).
Clones differed considerably, with an averageof6 to 24 sucker shoots forming
on root fragments of different genotypes (Schier 1974). The use of long root
fragments (up to 1 m) did not increase the total number of shoots formed or
the numbers overwintering (Perala 1978).
In apple cultivars, adventitious shoots form only after root fragmentation.
The greatest number of shoots formed on root cuttings collected in early
winter, when they were rich in stored polysaccharides (Robinson & Schwabe
I977b). Shoot formation was enhanced by cold storage and cytokinin applica-
tion, and shoot cuttings from them were subsequently rooted easily with
applied auxins (Robinson & Schwabe 1977a).
In contrast to the development of sucker shoots from  Populus root fragments,
shoot production by oak (Quercus gambelii) and chokecherry (Prunus virgini-
ana)rhizomes was greater in the light than in darkness (Schier 1983). Rhizome
fragments of both species produced similar numbers of shoots, perhaps owing
to the development of dominance (Leakey 1981), although chilling dormant
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rhizomes of Q. gambelii enhanced sprouting. It appears that these shoots,
from underground stems, have topophytic variation similar to that in aerial
shoots. This variation is not found in sucker shoots from roots (Schier 1983).
D. Bud formation in vitro
Few plant tissues are completely unsuitable as the starting point for in vitro
culture. The capacity for propagation by in vitro culture is limited by the
establishment and maintenance of the tissue in an appropriate condition to
induce the rapid division and subsequent differentiation of cells. The explant
must be kept in sterile conditions, and provided with (a) macro- and micro-
nutrients, (b) a source of energy, usually sucrose, (c) vitamins, amino-acids,
etc, and (d) the correct balance and sequence of plint growth regulators, co-
factors, etc, to regulate the subcellular and cellular processes of cell division
and differentiation of shoot, root, or embryo. Success will also depend on the
osmotic pressure and pH of the medium, which can be a solid or liquid, and
the physical environment. The details of these requirements are presented in
many books on this subject and will not be considered further here.
Three in vitro propagation systems have evolved: organogenesis, embryo-
genesis and meristem proliferation or micro-propagation. A problem common
to these methods is the exudation of toxic phenolic compounds into the
medium. Various techniques have been used to reduce this problem, including
the use of only a short period of sterilization in sodium hypochlorite rather
than alcohol (Staritsky & van Hasselt 1980), soaking the explants in sterile
water for 3 h prior to culturing them (Chevre et al. 1983; Vieitez a al. 1983),
culturing in the dark, and using activated charcoal (Monaco et al. 1977).
1. Organogenesis
Although a number of tree species have been successfully propagated by
organogenesis from callus culture (see David 1982; Brown & Sommer 1982),
this approach has been relatively unsuccessful in trees (Jones 1983). It remains
important, however, because the rates of multiplication from individual cells
are very great. On the other hand, there is a risk that genetic changes will
OCCI1r.
In forest trees, successful organogenesis has usually • occurred in callus
cultures derived from embryos, or from hypocotyl and cotyledon explants,
although tissues from large trees have also been found to be capable of
developing adventitious primordia (Biondi & Thorpe 1982). Seed or seedling-
derived material is generally recommended, and attention should be paid to
their physiological state, including the conditions of germination and seed
stratification (Sommer & Caldas 1981).
Differences in media composition cannot be considered here, except to say
that, with various modifications, the Murashige and Skoog basal medium
(M & S) is the moSt commonly used. The performance of species and cultivars
differs on media with different mineral composition, with high levels of
organogencsis in Picea abies occurring on media with slow callus formation
(Bornman 1983). Generally, the differentiation of shoot primordia from callus
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requires higher concentrations of cytokinins than auxins, but the relative
levels of these have to be determined for each species, and possibly modified
for different clones. The different auxins (Durzan 1982) and cytokinins (von
Arnold 1982) used can have varying optimal concentrations, depending on
the production system. Organogenesis in  Pinus radiata  is promoted by
withdrawing cytokinins after a 21-day bud initiation phase (Biondi & Thorpe
1982). In  Picea abies,  the cytokinin requirement for organogenesis can best
be met by a short-duration (3 h), high-concentration (125 uM) pulse, or by
lower concentrations (5 /AM) with vacuum infusion (Bomman 1983). Other
advances in the generally poor performance of P. abies  have resulted from
attention to the details of basal media concentration, to the optimal balance
of different cytokinins, and to photoperiod (von Arnold 1982).
The culture of protoplasts - the living parts of plant cells removed from
their cell walls by enzymatic digestion - is a necessary prerequisite to the
production of somatic hybrids by the fusion of cells from different plant
species, and their subsequent regeneration by callus culture. In trees, proto-
plasts have been isolated and cultured for a number of species (reviewed by
Ahuja 1982), but their capacity for propagation remains virtually unknown,
as this techniqUe is still in its infancy. The main exception to this generalization
is the  Citrus sinensis .cultivar  Shamouti, which has a high optimal plating
density (4 x 10-5 cells ml- ') for cell division with a lower optimum (lOs cells
ml-') for colony formation, and active callus colonies free from protoplasts
subjected to X-ray treatments have subsequently formed embryoids (Vardi  et
al.  1975).
In common with the previously mentioned  in vitro  techniques, the physio-
logical condition of the starting material for protoplast isolation is critical,
With seedling material, particularly that already cultUred with auxins and
cytokinins m  vitro,  being the most amenable. In  Betula,  the yield of protoplasts
from 3- to 4-week-old seedling shoot cultures exceeded, by 30 times, that
from 12- to 16-week-old cultures (Smith & McCown 1983). The reformation
of cell walls in culture is prevented by the inclusion of cellulose and pectinase
in the liquid media, together with osmotic stabilizing agents like 0.4-0•8 M
mannitol (see Kirby 1982).  Pinus taeda  protoplasts can form cell walls in 48 h,
divide every four to nine days, and produce numerous callus colonies in three
Weeks (Teasdale & kugini 1983). The future prospects for long-term culture,
and probably protoplast fusion, are reasonably good. Furthermore, the occur-
rence of genetic variability in rapidly dividing single-cell cultures may be a
source of somaclonal variation of benefit to future tree improvement pro-
grammes (Larkin & Scowcroft 1981).
2.  Embryogenesis
Cells can form somatic embryos, under basically similar conditions to the
above, as in internode and leaf explants of coffee  (Coffea arabica)  (Monaco
et al.  1977), nucellus tissues of citrus fruits (Button & Kochba 1977) and
immature embryos of cacao  (Theobroma cacao)  (Pence  et al.  1979). In coffee,
different combinations of auxins and cytokinins seem to determine both the
speed with which embryo initiation occurs and the final extent of multiplication
(Staritsky & van Hasselt 1980). In four Citrus cultivars, the carbohydrate
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source is thought to be important for embryo formation, with galactose in
particular enhancing embryogenesis (Kochba  et  a/. 1982). Mango  (Mangzfera
indica),  like  Citrus, is  a naturally polyembryonic species (Rangaswamy 1982),
and seems to be highly amenable to embryogenesis in vitro  (Litz  et al.  1984).
In mango, success followed a series of media transfers, in which auxin (2,
4—D) replaced coconut milk, and was then omitted, leaving the basal medium
free from plant growth regulators. Similarly, auxins, cytokinins and gibberel-
lins inhibited embryogenesis of Citrus on a galactose-containing medium
(Kochba  et al.  1982), although benzyladenine was later needed for embryo
germination. Contrary to these experiences, the capacity for embryogenesis
in forest trees has been stimulated by the addition of gibberellic acid to the
medium, both with and without cytokinins, in  Santalum album and Eucalyptus
citriodira  (Sita  et a).  1980; Sita 1982). We now know that a number of tropical
tree species are naturally polyembryonic, so the prospects look encouraging
for further exploitation of embryogenesis.
3.  Meristem proliferation of shoot cultures
This technique starts with an organized meristematic explant — normally a
shoot tip or axillary bud (preferably with little callus) containing a terminal
bud and many lateral buds. The objective is to stimulate the continued growth
of all these meristems by enhancing the capacity for sylleptic branching (as
defined by Tomlinson & Gill 1973) and preventing the establishment of apical
dominance. Large multiplication rates (4- to 10-fold every four to six weeks)
have been achieved by regularly subculturing and cropping the shoots for
subsequent rooting. Over the last eight years, this approach has been applied
successfully to an increasing range of tree species, notably apple and some
other horticultural and plantation crops (Jones 1983).
As in material for all forms of propagation, the state of the explant is
important, but a year-round supply of young apple shoots has been success-
fully achieved by removing leafless winter shoots from cold storage at regular
intervals. Although successful proliferation occurs most frequently from vigor-
ous young shoots, explants from mature trees of  Tecwna grandis, Tamarindus
Punica granatum  and  Eucalyptus cnriodora  have been cultured and
rooted (Mascarenhas et al.  1982). Similarly, successful propagation has occur-
red using explants from 4-year-old apple scion cultivars (Jones et al.  1979).
Not surprisingly, clones vary in their media requirements, and in their
capacity to proliferate, perhaps reflecting differing degrees of apical domin-
ance. For instance, whereas shoot proliferation of apple rootstocks M7 and
M26 and several scion cultivars was greatly enhanced by phloridzin and
phloroglucinol (PG) in the presence of 0.5 mg I- 6-benzlaminopurine (BAP)
(Jones 1976; Jones et al.  1979), cytokinin-induced proliferation in M9 was
not enhanced by PG, although it did improve subsequent rooting (James &
Thurbon 1981). Cytokinins alone (0-5-1.0 mg I- were similarly found to be
sufficient for proliferation of M27, M26 and the scion cultivar Macspur
(Lane & McDougald 1982).
Beneficial effects of PG have been reported in plum and cherry (Jones &
Hopgood 1979). In plum, it enhanced shoot numbers three-fold in BAP-
treated cultures of the cultivar Pixy, but it had no additive effect in the
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cherry rootstock F12/1, while in the Myrobalan plum rootstock cytokinin was
effective on its own (Hammerschlag 1982). In cacao, on PG-free media, zeatin
and zeatin-riboside (10-3 M) were equally as effective as BAP (10-6M), but
the cultures died after 12 to 14 months (Passey & Jones 1983). In Pistacia
vera,on the other hand, kinetin was not as effective as BAP, and gibberellins
improved neither proliferation nor shoot growth (Barghchi & Alderson 1983).
In chestnut(Castaneaspp.), the number of shoots formed per culture, and
the elongation of the longest shoots were affected by the nutrient content of
the media (Vieitez et al. 1983), and in common with some forest trees the
M & S medium was not found to be the best. Chevreet al. (1983) overcame
this difficulty by lowering the pH to 4, doubling the Ca and Mg concentrations
and adding ascorbic acid. However, cultures derived from mature trees had
to be subcultured to a BAP-free, auxin-containing medium for elongation to
occur prior to rooting.
Among the forest tree species, shoots of Eucalyptuspp. have proliferated
on various media.E. citriodorawas successfully propagated on media similar
to those used on horticultural crops, except that phloroglucinol was not tried(Sita & Vaidyanathan 1979; Mascarenhaset al. 1982). In E. ficifolia, on the
other hand, proliferation of explants occurred on media in which the auxin
corkentntion exceeded the cytokinin concentration, although only seedling
origin cultures produced rooted plantlets (de Fossardet al. 1977).
Clonal variation in growth and proliferation in culture have been observed
in Populusspp. (Ahuja 1983) and in a preliminary study of African mahogany(Khaya ivorensis).In the former species, 26 out of 48 clones failed to grow in
culture, while, in the latter, shoots of different clones proliferated on an NAA-
containing medium with BAI' ranging from 0.9 to 1.5 mg I- ' (England &
Leakcy, unpublished).
Similar success has been achieved in coniferous trees, for example in Sequoia
sempervirenswhere activated charcoal enhanced shoot elongation (Boulay
1977). Explant origin affected the level of success in Pinus radiata,a species
now reliably propagated in vitro, with cultures of embryo origin rapidly
producing an average of nine shoots each, while those from seedling shoot
tips took longer to produce 25 shoots each (Horgan &.Aitken 1981).
E.
 Rooting stem cuttings and  in  vitro  shoodets
The capacity of stem cuttings to form roots can be assessed by (a) the
percentage of cuttings rooted, (b) the number of roots per rooted cutting, and(c) the speed with which roots emerge and grow. These three criteria are not
necessarily related, although generally the longer a cutting takes to root the
fewer roots develop. It is also important commercially that there are at least
three or more well-branched roots dispersed on all sides of the cuttings. In
African mahogany(Khaya ivorensis),the form of the root system is affected
by the slope of the cutting base (Leakey, unpublished), and the number of
roots formed on apple winter cuttings can be increased by splitting the base
of the cutting (Howardet al. 1984).
The rooting process can be divided into four stages: (a) dedifferentiation,
which, in woody plants, usually occurs in cells close to the central core of
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vascular tissue, often in parenchyma cells near immature or secondary xylem
and phloem (see Haissig 19743), (b) the formation of root initial cells in
these newly meristematic areas, (c) the organization of these cells into root
primordia, and (d) their subsequent growth and emergence. It should be
remembered that the requirements for root initiation and root elongation
often differ, the former being particularly influenced by the genetic and
physiological state of the plant , while the latter is more sensitive to environmen-
tal factors.
Rooting ability varies between tree species, between clones within species,
and among plants within clones. The genetic component of this variability
may sometimes be attributed to (a) a lack of endogenous auxins, phenolic or
other rooting co-factors, (b) a lack of enzymes or their activators for synthesis
of auxin-phenol complexes, (c) the presence of inhibitors, or (d) the presence
of enzymes that oxidize or degrade auxins or their co-factors. Variation among
plants within clones is attributable mainly to the physiological condition of
the stockplant. This condition can be affected by (a) the environment and
season, (b) the position of the harvested shoots on the plants, (c) the age and
size of the tree, and (d) the incidence of pathogens, virus particles and
mycorrhizal organisms (Howard 1972; Hartmann & Kesler 1983; Leakey
1983). Additionally, and very importantly, the capacity to develop roots is
strongly influenced by the propagator's treatment of the cuttings, (a) chemi-
cally, by the application of auxins, other growth regulators, rooting co-factors,
minerals and fungicides, (b) physically, either by influencing the size of
the cutting, its leaf area, or by wounding or splitting the base, and (c)
environmentally, by manipulation of moisture/humidity, light, temperature
and the type of rooting medium used.
Clearly, the capacity of cuttings to root is influenced by many factors, so it
is perhaps not surprising that tree breeders have sometimes been disappointed
by the slow progress made towards large-scale mass propagation (see Bridg-
water and Franklin, this volume). This viewpoint is especially strong in
forestry, because of the importance attached to conifers, which until recently
have been relatively difficult to root, particularly in vitro (Jones 1983).
Among broadleaved species, there are differences in ability to root, but
experience suggests that most species can be rooted easily (Leakey et al.
I982b) although detailed studies are necessary to overcome specific problems
in a few difficult-to-root species.
The choice of propagation technique has been extended in recent years by
the development of in vitro systems. Although technologically more difficult
than traditional systems of propagation, an increasing number of species are
being successfully cultured in vitro; however, few species have yet been
propagated commercially in vitro. Explants collected from large mature trees
are particularly difficult to propagate. Space does not allow a full discussion
of the many factors influencing rooting of stem cuttings, but a brief synopsis
follows, using example& from recent work (see also Haissig 1985).
I. The role of auxins
Auxins are basipetally translocated in plant stems, and are largely responsible
for the polarity of shoots. Since the discovery fifty years ago that auxins greatly
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increased the capacity of cuttings to produce roots in most plant species,
auxins have become universally used alone, or in combination with other
chemicals, as an aid to propagation in horticulture and forestry.
Synthetic auxins are now usually preferred to endogenous indoleacetic
acid (IAA). Indole-3-butyric acid (IBA) is the most commonly used, often
combined with a-napthalene acetic acid (NAA) or one of the phenoxyacetic
acids. Recently, equimolar concentrations of aryl- and phenyl-esters of IAA
and IBA have been reported to outperform the unmodified acids in Pinusbanksiana(Haissig 1979, 1983).
The effects of auxins on rooting capacity may depend on the method of
application (Howard 1973). Common forms of treatment include (a) a quick
dip in relatively concentrated solution, in which a proportion of the solvent ,if not all, is an alcohol, and (b) a soak in relatively weak aqueous. solutions.
In both cases, the amount of auxin taken up is unknown and a more precise
approach would be to apply known weights of auxin to cuttings of known
sizes and sensitivities (Bowen et at 1975; Leakey et al. I982a; Amerson &
Mott 1982; James 1983a).
Differing responses to auxins between species arc well known (Nanda a al.1970), hut there can also be within-species variation in auxin preference, asin Taplochiton akroxylon (Leakey et al. I982a). In apples, scion cultivars aregenerally more difficult to root than the clonal rootstocks, although there is
considerable variation between rootstocks (Delargy. & Wright 1979; James
I983b).
In addition to species and clone, auxin applications also commonly interact
withseason of treatment (eg Pinus sylvestris,Eliasson et al. 1977) and age and
size of the stockplant (eg Oka europaea,Portlingis & Therios 1976).
2. The role of colactors
Although auxins play an important role in the rooting process, there arc many
occasions when a range of other substances are required to enhance auxin
activity. A major group of these has been called the 'rooting co-factors'(Haissig 1974b) which are a complex of indole and phenolic substances,
together with their oxidative enzymes that may directly affect the initiation of
root primordia. However, there may be intricate interactions between these
co-factors, auxins and other substances. In pear (Pyrus cornmunis)there is
evidence that indole-phenolic complexes exist (Fadl & Hartmann 1967), while
in hardwood cuttings of the apple rootstock M26 no such evidence has beenfound (Bassuk et al. 1981), although polyphenyl oxidase (PPO) activity, and
levels of phloridzin (a phenolic glycoside), increased prior to increases of a
number of endogenous co-factors, which in turn were related to improvements
in rooting ability (Bassuk & Howard 1981). The importance of phenols is
emphasized by the enhanced rooting in vitroof apples (Jones & Hatfield 1976;
James & Thurbon 1981), plums (Jones & Hopgood 1979) and cacao (Passey &Jones 1983), following the addition of phloroglucinol to the culture medium.Cytokinins are involved in cellular differentiation processes, but there are
only a few reports of cytokinin-enhanced rooting. More commonly, applied
cytokinins inhibit rooting. Higher levels of endogenous cytokinins were found
in difficult-to-root Populus tranula,than in easy-to-root Populusxeuramerkana
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(Okoro & Grace 1978). It appears, however, that the balance of enzymes
important to  the  formation of indole-phenolic complexes may sometimes by
complicated by sensitivity to plant growth regulators (Rhododendron, Foong &
Barnes 1981; Alangifera indica,  Sadhu et  al.  1978). As will be seen later, these
balances can also be affected by the environment and stockplant condition.
3.  Role of the kaf
It is common experience that leafless summer cuttings rarely root, while
leafless winter cuttings root well, especially at the end of the winter. This
difference exists because winter cuttings have greater amounts of stored
reserves and endogenous co-factors than summer cuttings, and winter cuttings
can have preformed root initials (Cheffins & Howard 1982a, b). Winter
cuttings are, however, dependent on the rapid emergence of new shoots to
replenish dwindling carbohydrate reserves (Populus spp., Okoro & Grace
1976). Summer cuttings, by contrast, are entirely dependent on the leaf
for photosynthates. Hence, the carbohydrate content of leafy cuttings of
Triplochiton scleroxylon  almost doubled in nine days, whereas carbohydrate
reserves in leafless cuttings were virtually depleted over the same period
(Leakey  et a).  1982a). However, not all the effects of leaves are beneficial
(Reuveni & Raviv 1980), and there is evidence for optimal leaf areas per
cutting. For instance, leaf areas greater than 50 cm2 per cutting were detri-
mental in  T.  scleroxylon and  Ckistopholis glauca,  but not in  Tertninalia ivorensis
Nauclea diderrichii
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and  Nauclea diderrtchii  (Fig. I; Leakey et a).  I982a). The deleterious effects
of sub- or supra-optimal leaf areas seem therefore to be greater in difficult-to-
root species. In  T. sckroxylon the optimum leaf area was shown to represent
a balance between photosynthetic gains and transpirational losses (Fig. 2).
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FIGURE 2. Effects of leaf area on the percentage rooting, stem-soluble carbohydrate
and starch contents. and leaf water potential. of  Tnplxhiton scleroxylon leafy stem
cuttings after 28 days under intermittent mist. Note that cuttings with 100 cm2 of leaf
had the largest total (non-structural) carbohydrate content, but suffered the greatest
water stress and so rooted least well. Vertical bars denote ± one standard error
(MPar-megapascals).
4. Carbohydrate metabolism
The supply and redistribution of carbohydrates within cuttings can sometimes
limit their capacity to root, and to some extent this limitation may be associated
with the absence of root respiration (I-laissig 1984). In other instances, the
carbohydrate content of cutting canbe supra-optimal. Auxin enhances starch
hydrolysis (Haissig I974c) and several enzymes have been identified which
increase in activity during primordium development, suggesting the involve-
ment of both the Embden-Meyerhof-Parnas pathway of glycolysis and the
pentose phosphate pathway (flaissig 1982).
5. Nitrogen metabolism
Nutrient deficiencies are detrimental to rooting, presumably because threshold
levels arc necessary for such processes as protein and nucleic acid synthesis
(Hartmann & Kesler 1983). Responses to nutrients are not always predictable;
for example, when given to -Triplochiton sclennylon stockplants, complete
fertilizers enhanced the rooting ability of only suppressed basal shoots (Leakey
1983), while halving the macro-nutrient content of the culture medium
enhanced rooting in vitro of Ptstacia vera(Barghchi & Alderson 1983).
A considerable body of evidence suggests that high carbohydrate/nitrogen
ratios in cuttings favour root initiation, but this evidence can be misleading
because the C/N ratio at the base of cuttings can become very different from
that in the cuttings as a whole (Haissig I974c).
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6. Water relations
The rooting capacity of cuttings is frequently related to the water balance.
Experimentally, rooting has been shown to suffer when leaf water potentials
fall to about :0-8 to —1-0 MPa (Loach 1977; Loach & Gay 1979), below
which there is a linear relationship between declining leaf water potential and
decreased rooting.
The water balance of cuttings is governed by the rate of uptake, principally
through the cut basal ends, but sometimes also through the leaf, and the rate
of transpirational losses. With increased duration in the propagation bed a
resistance to water uptake develops, which is apparently unrelated to callus
formation or embolism in the vascular tissues. Water losses are affected by
the vapour pressure deficit of the air, radiation levels and leaf resistances to
water loss. Stomatal conductance typically drops rapidly in fresh cuttings and
rises again as roots develop (Gay & Leach 1977). Rooting can normally be
enhanced by shading and by maintaining a water film over the leaves, often
associated with a lowering in leaf temperature (Loach & Gay 1979). The
effects of different propagation systems and media on the water balance of
leafy ctittings have been discussed by Grange and Loach (1983).
In leafless winter cuttings, one might expect that the water balance might
not be too critical. However, root formation on hardwOod 'plum and apple
cuttings can be greatly influenced by applying antidesiccants to the cut ends,
increasing the humidity of the rooting environment, 'and by preventing water
stress (Howard 1980; Howard  et al. 1983).
7. Light
Cuttings from conifers and deciduous trees of temperate and tropical origin
root more readily after thé stockplants have been kept in light levels well
below the photosynthesis saturation point  (Pinus sylvestris, Hansen  et al.  1978;
Populus  and  Salix,  Eliasson & Brunes 1980; apple, Christensen  et al.  1980).
I lowever, in  P . sylvestri s , the beneficial  effects of applied auxins were enhanced
by keeping the stockplants under high irradiances, suggesting that light
changed either the auxin or co-factor content of the shoots (Stromquist &
Hansen 1980).
In  Triplochiton scleroxylon, low stockplant irradiances enhanced rooting and
changed the dominance relationships between the shoots of 2-shoot stockplants
(Fig. 3). This result supported earlier findings that competition between
shoots decreased the rooting ability of cuttings taken from dominant shoots
(Leakey 1983). Additionally, four weeks' growth of  T. scleroxylon  at
155 Wm2s for 19.5 h day- ' resulted in lower rates of net photosynthesis
than at 75 W m-2s- perhaps owing to end product inhibition; in this
instance, rooting was greatest in cuttings taken from stockplatits grown at the
low irradiances and seemed to be related to the fact that they had low starch
contents. In contrast, increased illumination has enhanced rooting in apple
explants in  vitro  (25 to 100 itE m-'s- Sriskandarajah  et al.  1982). It is
possible, however, that the importance of light environments in  vitro  may
change at different stages in the growth and development of explants. The
effects of different levels of irradiance on the cuttings themselves during the
rooting phase have been found to be relatively minor, provided that water
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A. Relationship between the light intensity, given for 19.5 h to stock-plants of  Di/Van-
non  sckroxylon  at 30°C and 80% relative humidity, and the ratio of the length of
the dominant/suppressed shoots (d/s, on potted plants with two shoots). Note that
dominance was greatest at the low light intensities.
B. The percen6geof cuttings from the dominant shoots that rooted. Note that the
poorly illuminated, most dominant, shoots rooted best.
stress was prevented, presumably because of the limited photosynthetic
activity of detached cuttings (Hansen et al. 1978; Stromquist & Hansen 1980).
However, irradiation of the basal ends of Populus and Salix cuttings can
inhibit rooting (Eliasson & Brunes 1980). Thus, it is important to keep cutting
bases in the dark.
Etiolation and/or blanching the stockplants in complete darkness can
enhance rooting, for instance in difficult-to-root apple cultivars (Delargy &
Wright 1979). Similarly, the in vitro rooting ability of M9 apple rootstocks
can be enhanced by a period, of darkness prior to severance (James 1983a),
and in 'the variety lonagold' this ,was associated with an increased phenol
content and decreased peroxidase activity (Druart et al. 1982). Similar benefits
of darkness in plum were offset by the application of the phenolic compound,
chlorogenic acid (Hammerschlag 1982). Some recent evidence suggests that
the etiolation effect is due to a mobile factor from the shoot apex, and that
the enhanced rooting is closely related to the irradiance effects mentioned
above (Harrison-Murray 1984).
8. Temperature
Temperature influences cambial activity and could therefore be expected to
be important in propagation, especially in winter, as demonstrated in leafless
apple cuttings (Cheffins & Howard 1982a), where warm temperatures
enhanced rooting, but increased respiration losses, and so hampered successful
establishment. In Larix, early rooting was best at 27 °C, but maximum rooting
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occurred at 15 °C (John 1977) emphasizing the importance of minimizing
respiratory losses.
9.  Season
The date at which both leafy softwood cuttings, and leafless hardwood cuttings
are collected can markedly affect their rooting ability. Softwood cuttings often
decrease in rooting ability during the summer (Klahr & Still 1979), while
hardwood cuttings increase in rooting ability during the winter (Lux 1982).
There are, however, exceptions to this generalization (eg Olea europaea can root
well throughout the year, Portlingis & Therios 1976). Pseudotsuga menmesii
cuttings were unrootable in September, and became progressively more
rootable, without auxins, as winter dormancy declined, principally in response
to winter chilling (Roberts  et al.  1974). Applications of auxin to  P. menziesii
in winter, and artificial chilling of Larx, have enhanced the rooting of dormant
shoots (John 1979).
Seasonal variations in rooting of leafy cuttings are less well understood, but
high summer levels of irradiance, water stress, and the incidence of flowering
may all contribute to dccreascd rooting ability. In non-dormant plants, it is
difficult to obtain truly comparable cuttings at different times throughout the
growing season.
10.  Gravity
Cuttings taken from vertical  Populus plants produced more roots than cuttings
taken from horizontal plants, although the number of newly initiated wound
roots were the same in both treatments (Smith & Wareing 1971). In Trip-
lochiton scleroxylon, the overall percentage of cuttings rooted per stockplant
was unaffected by different orientation treatments, but basal shoots rooted
better than apical shoots when taken from vertical plants (Leakey 1983).
11. Mycorrhizal fungi
In some woody plants, the addition of mycorrhizal inoculum to the propagation
medium enhances rooting (Linderman & Call 1977; Navratil & Rochon 1981),
possibly because growth regulators are exuded into the medium prior to the
development of mycorrhizal associations.
12.  Stockplant factors
Some important differences in the capacity to root can be traced to differences
in the physiological condition of different parts of the stockplants, and to their
interactions with the environment.
(a)  Within-shoot variables. In  Triplochiton scleroxylon, the rooting ability of
single-node leafy cuttings decreased markedly down the stockplant shoots
(Leakey 1983), which could be due to any of the many differences between
them, such as leaf age, internode length, extent of lignification and secondary
thickening, gradients in carbohydrate, nitrogen and auxin contents, etc.
Current experiments indicate that, like carbohydrate contents, the gradient
in leaf water potential down the shoot is reversed in the cuttings after two
126 R. R. B. Leakey
weeks' propagation, and so may not be too important (Leakey & Coutts,
unpublished). Perhaps more relevantly, cutting size, as determined by the
normal pattern of internode lengths, was closely correlated with percentage
cuttings rooted — the longer cuttings at the apical end rooting best (Leakey
1983). Interestingly, when all cuttings were cut to the same length, basal
cuttings rooted best, and hence the normal gradient in rooting ability was
reversed (Leakey & Mohammed 1985). The benefits of using large cuttings
have also been reported for multi-node cuttings of leafless and winter cuttings(Richardson et al. 1979; John 1977). In apple, and other fruit trees, the
swollen shoot base with many short internodes is a favoured site for root
development (Howard 1981).
(b) Between-shoot variables. Cuttings from main stems and branches have
different rooting abilities, the latter being best in plum, pine, spruce (Hart-
mann & Kesler 1983) and fir (Miller etal. 1982). A comparison, using different
T. scleroxylonplants of identical size, form and growth rate, has confirmed
this intrinsically higher rooting ability of lateral cuttings, although many
factors affect their rooting ability (Leakey 1983). For example, there was a
negative correlation between the numbers of shoots per plant and the rooting
ability of the uppermost shoot, with two shoots per potted stockplant being
optimal. The rooting ability of cuttings from these shoots was strongly affected
by the application of nutrients and the extent of mutual shading; heavy
shading was detrimental, but some shading was beneficial. Thus, much of
the between-shoot variation in rooting ability appeared to be attributable to
competition between shoots and to their different light environments.
Bearing the above in mind, it is not surprising that there are topophytic
effects of cutting origin on the rooting ability of cuttings collected from
different parts of tree crowns. For example, in 6- and 21-year-old Picea obits,
rooting decreased by 2.5% with each successive branch whorl up the trees(Roulund 1973): Commonly, throughout the Propagation literature, the very
low rooting ability of crown shoots from large trees is attributed to the
attainment of the reproductive or mature phase ('phase-change'). While this
may be so, many of the comparative studies between juvenile and mature
shoots make no attempt to distinguish between 'phase-change' per se, and the
numerous other differences between cuttings collected from seedlings or
coppice shoots and those from the structurally complex crowns of large trees(cg Morgan & McWilliams 1976). In particular, attention should be paid to:
internode length, rates and periodicity of growth, leaf size, frequency of
branching, and differences in light environments, leaf water potential, carbo-
hydrate and nutrient contents. Some studies do partially offset this criticism
by using cuttings from mature shoots grafted on to juvenile rootstocks;
significantly, the rooting ability of the cuttings from these more vigorous and
comparable shoots is often considerably improved, and such material has been
said to be 'rejuvenated' (eg Eucalyptus grandis, Paton et al. 1981), although
'reinvigorated' may be a more appropriate term. In a similar way, mature,
second-generation cuttings (cuttings from cuttings) of Triplochiton scleroxylon
have rooted well, even following flowering, and despite persistent plagiotrop-
ism (Leakey, unpublished). Reinvigoration has also enhanced rooting of
shoots on large, but heavily pruned trees of Artocarpus heterophyllus(Mukher-
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jee & Chatterjee 1979). Similar changes may also account for the reported
'rejuvenation' by successive subculturing of apple shoots in vitro(Sriskandara-
jah et al. 1982).
Accepting the above-mentioned difficulties, it is clear that cuttings from
crown shoots do differ from seedling or coppice shoots in their content of
inhibitors (Vieitez & Vieitez 1976), various growth regulators, nucleic acids
and rooting co-factors (Heuser 1976; Patonet al. 1981). Additionally, as in
chestnut (Castanea saliva) and avocado (Persea americana),there can be
differences in anatomy or leaf retention which may limit rooting (Vieitez &
Vieitez 1976; Reuveni & Raviv 1980).
To minimize topophytic variation in rooting ability, horticulturists and
foresters have developed methods of stockplant management which encourage
the continued formation of young vigorous shoots, Traditionally, some fruit
rootstocks arc propagated by stooling', and stone fruits by layering (Howard
1981). However, recent improvements in the techniques for rooting winter
cuttings of apple, plum and cherry have led to the increased use of more
productive 'hedged' stockplants. These stockplants have also been developed
with some success for Pinusradiata,yielding more than 100 shoots per square
metre (Libby et al. 1972).
Recently, there has been evidence that rooting can be enhanced by pre-
conditioning in vitro explants, either by changing the medium (Horgan &
Aitken 1981) or the light environment (Druart et at 1982).
IV. CONCLUSIONS
In recent years, rapid progress has been made in developing and refining a
range of vegetative propagation techniques. These techniques exploit
numerous facets of tree physiology that centre around the inherent totipotency
of many plant cells. Provided with appropriate environmental and hormonal
stimuli to prevent physiological stresses, promote division, and activate differ-
entiation, the cells of most tree species will multiply and organize ncw tissues
to form grafts, develop root initials, prOliferate shoot apices, or even produce
whole new plantlets from single cells. While the techniques used on trees are
basically similar to those developed for herbaceous plants, horticulturists and
foresters have had to overcome the within-plant difficulties associated with
both the greater age, size and complexity of trees, and the effects of season
on their paiterns of growth.
Despite the large number of variables presented in this review, many tree
species are easily propagated, provided that physiological stresses are avoided
and appropriate material is used. For example, using the techniques and
regimes developed for rooting Triplochon scleroxylonstem cuttings, over 90%
of 50 other tree species have been successfully rooted (Leakeyet al. 1982b).
Experience suggests, moreover, that even species considered difficult to
propagate may become relatively easy following detailed study, as has been
demonstrated for hardwood cuttings of apple (Malusspp.) by Howard et al.
(1983), softwood cuttings of Triplochiton scleroxylonby Leakeyet al. (1982a),
and Pinta sylvestrisby Whitehill and Schwabe (1975).
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ABBREVIATIONS
dbh diameter at breast height
PCA principal component analysis
NOTATION
Any symbol not appearing in this list, and not defined when used in the text, is a
constant.
A cross-sectional area of stem at height h
•
basal area
non-photosynthetic tissue biomass at height h
diameter at height h
diameter at relative height K
dbh
D. basal diameter
DB branch basal diameter
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D31  asymptotic maximum diameter
f(x) a mathematical function of x
•
cumulative foliage biomass over distance(H — h)
•
root biomass
foliage biomass at height h (in practice, over a small vertical distance, oh)
fl height above ground on the stem
height to crown base
ha height to the base of a branch
total stem height
hill (relative hcight)
•
relative height of centre of gravity of a stcm
crown length
specific pipe length
L A foliage arca
foliage fresh weight
Lw foliage biomass
•
number of trees per unit area (tree density)
proportion of currently produced photosynthate directed to plant part i
1' net photosynthetic rate per unit leaf weight per unit time
radius of stem at hcight h
radius of stem at breast height
relative growth rate of plant part
shoot biomass
S. dark respiration rate.of plant pan i
time
cumulative total biomass over distance(H — h)
 total stem volume or biomass
Vs . branchwood volume or biomasi
crown width at height h
•
whole plant biomass
1V, biomass of plant pan i
WB branch foliage, or branchwood, biomass
r(x)= fcre-ie-rdx (gamma function of X)
error term in a regression model
specific gravity of wood
a stress per unit volume of wood
oa variance
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I. INTRODUCTION — MATHEMATICAL MODELS
A forester is interested largely in the growth and dimensions of the main stem
(trunk or bole), whereas a tree biologist is concerned with the growth of all
the tree parts and their mode of interaction. These twin interests underlie the
development and subject matter of this paper.
First, I shall consider relationships between the dimensions of the stem,
such as those that underlie timber production volume tables. Second, I
shall review the more biologically relevant relationships between stemwood
(particularly sapwood) and the foliage it supports, both mechanically and
physiologically. Third, features of the crown structure itself will be examined
in relation to foliage mass and age; and finally, some attention is given to ideas
of modelling assimilate partitioning in plants.
Thorn ley (1976) has divided mathematical descriptions, or models, into
two categories: empirical and mechanistic. In reality, though, there is a
continuum of model types from the very empirical, which merely fits a simple
mathematical curve to data purely for smoothing purposes, to the highly
mechanistic, involving realistic basic mechanisms and more difficult mathe-
matics (Causton 1986). In general, models directed towards the estimation of
timber volume are empirical, whereas those developed as an aid to studies in
tree physiology are more mechanistic, and aim to develop a theoretical
framework which explains existing observations and enables predictions to be
made.
II. DIMENSIONAL RELATIONSHIPS IN THE STEM
A. Relationships between volume or biomass and diameter and
height
1. Polynomials
Prior to the work of Schumacher and Hall (1933), volume tables were
constructed either by correlating tree volume with diameter and height, or by
constructing eye-fitted curves to such data. Occasionally, simple correlations
alone are still used, implying linear relationships (Tamm & Ross 1980;
Rathinam  et al.  1982). Occasionally, polynomial functions (usually of the
second degree) have been employed: Landis and Mogren (1975) used the
restricted form  V = a+ NY  for  Picea engelmanii; Voronchikhin and Druzhinin
(1978) employed a second degree polynomial relating volume to dbh in  Pinus
sytvestMs; and Kr"stanov (1978) employed the form VB = aD+bD2.  These
models are highly empirical.
Spurr (1952) suggested the use of  D2H  as a composite independent variable
to estimate volume, in the linear form:
V= a+  b(D2H) (I)
while, more recently, Edminster  et al.  (1980) used this equation, both with
and without constant a,  in a study on  Pinus ponderosa. Alemdag (1982) also
applied this equation to  Pinus banksiana, Picea mariana, Picea glauca,  and
Abies baisamea. Avery and Burkhart (1983) argue that, for total volume,  a=  0,
while, if  V  represents merchantable volume only, a<0. As will be seen later,
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models using  D2H  in the form of equation (1) are rather less empirical than
are polynomial models (see Section II.B.2).
2, Allometry
When a mathematical relationship is fitted to data, of the form  V = J(D),  the
regression of  V  on  D  assumes homoscedasticity' of  V  over the range of  D.  If
volume data are collected from a stand of trees over a prolonged time, it will
be found that the variance of  V  increases as  V  itself increases. Although a
weighted regression could be (and has been) used, in which each volume
observation is weighted inversely to its variance, a more satisfactory mild
biologically relevant approach is to use logarithms of the quantities concerned.
The equation of this form (for  V  and  D)  is:
log. V =  loggi+  blogeD (2)
and is known as the (linear) allometric relationship. The fact that the variance
of logY (and of logeD also) is constant indicates that these growth attributes
are lognormally distributed. •his is what one would expect, because growth
is a multiplicative rather than an additive process, and so the result of
the central limit theorem leads to the lognormal rather than the normal
distribut ion .
In 'unlogged' form, equation  (2)  becomes:
V = aD° (3)
and is known as the power function. Pearsall (1927) first demonstrated this
relationship between the dry weights of the major organ systems of growing
herbaceous plants, and Schumacher and Hall (1933) were the first to introduce
it into forest mensuration.
Many authors have used the allometric relationship between volume (or
weight) of tree stem and dbh (eg, in conifers, Hegyi 1972; Grier & Milne
1981; in hardwoods, Harrington 1979; Nwoboshi 1983), and Mikhov and
Lazarov (1979) used  V = all'  to estimate stem volumes in several conifers and
hardwoods.
Other workers have based an allometric relationship on  D2H,  in the forms:
V  = b(D211)'
 (4)
V =  a+  b(D2HY (3)
Equation (5) has been applied, for instance, by Edwards and McNab (1981)
to  Pinus  species and by Clark and Schroeder (1977) to  Liriodendron tuhPifera.
Equation (4) has mainly been used by Japanese workers (see Ogawa & Kira
1977).
A generalization of equation (4) is:
V =  aDVI` (6)
which was used by Schumacher and Hall (1933). More recently, this function
has been applied by, for instance, Maezawa and Haga (1977) to  Cryptomeria
'japonica, Schmitt and Grigal (1981) to  Benda papyrifera, and Spank (1982) to
Pinus sylvestr is.  The obvious popularity of equation (6) is undoubtedly due to
the greater flexibility of treating dbh and tree height as two separate variables,
rather than combining them in a single composite variable as in  D2H .
'  ilomoscedastic means 'of uniform variance', literally 'of equal scatter' Fieteroscedastic
means 'of non-uniform variance'.
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3.  Aliscellaneous functional relationshiPs
Various other empirical relationships linking volume, height and dbh have
been proposed, often with little or no justification. The more recent examples
are:
D211
—a+  (7)
V c+D2
(Opie 1976), which was developed from an earlier model:
V =  (D2HXa+  6D)  (8)
(Webb 1969); both models were applied to  Eucalyptus regnans. Ker and Raalte
(1981) used the following multiple regression model:
V = a+ b(D2H)+cH+eD2+gD+iw+jl  (9)
in a stepwise approach to obtain the best combination of variables for each of
the two species Abies balsamea and  Picea glauca.  Finally, Alemdag and
Stiell (1982) added spacing and age effects in a stepwise fashion to a linear
relationship of biomass to dbh applied to trees in  a Pinus resinosa plantation:
V = a+ b(D2H)+ cin+ et  (10)
4.  Comparisons between function types
Many authors have made comparisons between different equations. Egunjobi
(1976) compared most of.the allometric-type equations on trees in an even-
aged plantation of  Pinus caribaea, and found that V =  a(D2H)  and  V = aB„if
provided the best fits; but there was little difference in goodness-of-fit among
a whole range of function types.
Crow and Laidly (1980) applied a range of models to  Betula papynfera,
Pinus resinosa and  Ilex vertWillata. The models included relationships of the
form given in equations (I),  (2),  (3) and (6). Weighted linear, and some
weighted nonlinear, models were acceptable alternatives to the logarithmic
form of the allometric function. Weighted models accommodate hetero-
scedastic data, and also avoid transformation bias (see below).
Rencz and Auclair (1980) compared parabolic and logarithmic regressions
to quantify the relationship between dbh and the biomass of roots, root crown,
bole, branches and cones on  Picea mariana. The logarithmic models appeared
to be the more appropriate. Payandeh (1981) compared a logarithmic and two
simple nonlinear power functions for  V = f(D)  in  Betula alleghaniensis and
Acer saccharum. The power functions provided the best fit, and the addition
of height in a multiple regression model did not significantly improve the fit.
Lavigne and Nostrand (1981) tested a number of models of the form
V = f(D,H)  on several conifers and hardwoods, and found that a weighted
regression, using  1)2II  as the independent variable, provided the best fit.
5.  Methodological difficulties in allomeny implementation
Methodology has concerned several workers in forestry. Finney (1941) and
Aitchison and Brown (1957) have described the lognormal distribution.
Zar (1968; see also Hafley 1969) pointed out that, although
loge,/ = logia+ blogeD is  mathematically equivalent to  V = alY , the two forms
are not  statistically equivalent. Different values of the constants a  and  b  will
142 D. R. Causton
be obtained if one uses least squares regression with the usual error structure
for each form, ir
log.1/ = logea+blogeD+ (I l)
V = ani-E (12)
where E is N(0,0 2)  in each case. More recently, Flewelling and Pienaar (1981)
reviewed the properties of the lognormal distribution and considered the
fitting of the logarithmic form of the allometric function.
The main problem in using the logarithmic form of the allometric function
in the construction of volume tables is that the regression value of volume,
that is the expected value of log,V at any given dbh (or other independent
variable), gives an expected value of V itself, V, which has a downward bias.
This value of V is an estimate of the geometric mean, that is the arithmetic
mean of the logarithm of volume. If volume really is lognormally distributed
— and there are good biological reasons for supposing that it is — then the
geometric mean is a valid quantity. Foresters, however, require volume tables
which estimate arithmetic mean volumes. For this requirement, either a
weighted form of regression model (12) can be used, in which E is not
distributed throughout simply as N(0,02), or regression model (11) can be
employed, with subsequent adjustments for the downward bias of V given by
the expected value of logeV.
Several authors have suggested • ways of adjusting the expected value of
logY (eg Finney 1941; Baskerville 1972; Wiant & Hamer 1979). Yandle and
Wiant (1981) concluded that Finney's estimator should be used in preference
to Baskerville's when dealing with small, highly variable data sets, whereas
Lee (1982) advocated Baskerville's method rather than Finney's in all circumi
stances, on both theoretical grounds and ease of computation.
B. Stem form
I. Empirical relatioM hips berSen total 1:tight and dbh
In young trees, height and diameter increase together in a roughly proportional
manner; but as trees age, height growth eventually ceases, while diameter
continues toincrease. A rectangular hyperbola of the form:
H = a+blD b<0 (13)
where the constant a is the asympiotic maximum of height, seems appropriate
as an empirical model (Dimitrov 1978; Avery & Burkhart 1983). West (1979)
used the form H = DI(a+bD), where b is the asymptote, in investigations on
three species of Eucctiotus, while Wensel and Schbenheide (1971) used logell
instead of H in equation (13) in a study of Sequoia gigantea. Each form of
relationship seemed appropriate to the data.
Other total height/dbh relationships have been used. Donald (1976) and
Snowdon (1981) employed the second degree polynomial H = a+bD+cD2,
presumably with c<O, when the ascending portion of the curve bears a
superficial resemblance to the above rectangular hyperbola; but the maximum
here is not asymptotic.
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2. Models based on solids of revolution
In addition to estimates of volume and mass of a tree stem, foresters need to
know something of its shape. Mechanisms responsible for the observed form
of tree stems have been interpreted as (1) physiological — the necessary
structure and function to support the transpiring canopy of foliage, and  (2)
mechanical — the necessary structure to provide a uniform resistance along
the stem to bending by wind (Assman 1970). Metzger (1893) showed theo-
retically that requirement (2) is met when:
h= a—bel3  (14)
where  a is  the height of the centre of crown mass, and  b is  an expression of
stem form. Equation (14) is called a 'cubic paraboloid' in the forestry literature.
Closer analysis shows that only the central stem section conforms to a cubic
paraboloid, which, in mature plantation conifers, is the longest part of the
stem. The base of the stem is convex to the axis (buttswell), and is often
modelled as a frustum of a neiloid2, while the upper part of the stem within
the crown takes the form of an ordinary paraboloid (or quadratic paraboloid,
to distinguish it from the cubic paraboloid). Gray (1956), however, envisaged
the situation literally one degree simpler; he considered the main part of the
stem to be adequately represented by an ordinary paraboloid, and the top by
a conc.
—  / Radius of stem at breast heightLO  R
Ce
Total
a)
(7) stem
Breast height height
0
Height above breast height on the stem  (b)
FIGURE I. The 'cubic paraboloid', which may describe.the shape of a tree stem
above breast height. See text equation (15).
If the whole of the stem down to breast height could be considered as a
cubic paraboloid, equation (14) may be written as:
r = R(1— WM'  (15)
(Fig. 1) where height is measured from breast height rather than the ground.
The volume of the stem is then given by:
V =n12 2 fil:( 1 —IillOidh
which, on evaluation yields:
••31r
V =  D2H
where  D =  2R. If the whole stem could be modelled as a quadratic paraboloid,
then:
2 A neiloid is the solid of revolution of Neil's parabola:y= 0231.
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V =
8
— D2H
Clearly, in both cases volume is proportional to D2H, with only the constant
of proportionality changing, according to whether the taper curve is assumed
to be a cubic or quadratic paraboloid.
3. Empirical  models of  stem form
In reality, a single model is unlikely to be found which would adequately
describe the form of the whole stem, and a huge literature, based on a plethora
of methods, has evolved in recent years. When it is realized that the errors
involved in measuring the height and diameter of a tree are large compared
with the small differences predicted by a range of empirical models, one
wonders if all the effort has been worthwhile. I shall mention only a few of
the more interesting approaches here.
Scrinzi and Tabacchi (1981) used a polynomial model incorporating sub-
models for Picea abies;their best result was given by utilizing three quadratic
submodels corresponding to the butt, central, and top stem sections. Max
and Burkhart (1976) adopted a similar approach; but Lahtinen and Laasasen-
aho (1979) working with 12:tea abies, and Liu (1983) with Liriodendron tulipi-fera, used splined polynomials which enable the transitions between the
different curves to be smoothed in an objective manner.
Roiko-Jakela (1976), while recognizing that different pans of the stem
needed to be described by dissimilar functions, used more unconventional
models and also took account of tree age. The lower, middle, and upper pans
of the stem were, respectively, described by a hyperbola, a logarithmic
function (preferred to the parabola because of its greater flexibility), and a
cone. Trees less than 7 m high were adequately estimated by a cone.
SOmewhat less empirical than most of the foregoing models are approaches
recently made, apparently quite independently, by two groups of Japanese
workers (Nagashima et al. 1980; Sweda & Umemura 1980), based on Mitscher-
lich growth curves for height and diameter growth. Assuming that height at
time t is given by h= —e-') and d = Dm(1—e-6'), where H and Dm are
asymptotic maxima, then:
.gh,t0=  DM {I — (11  h
cl
)662
—
(16)
•
(Nagashima et at 1980). Sweda and Umemura's (1980) result was slightly
different.
4. Centre of gravity and stern form
One interesting modern development for investigating volume equations and
tree form is through a consideration of  the  stem moments (Nagashima &
Yamamoto 1981).
Forslund (1982), however, found that a revealing analysis could be made
by using just the first moment about the base (the centre of gravity), and a
general profile equation of the form:
d = {I—WW1"  Do (17)
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From this equation, Forslund (1982) deduced that stem volume was given
by:
V  =
F(2/a+1). r(1/6+1)  ( (18)I  ;a  tr411  
r(21a+11b+  1) I  —K1  4  
and that the centre of gravity is at the relative height, R (= hill),  given by:
1-(210 •r(2M+11b+  1) 
19—
T(11b)•r(21a+21b+1) ()
Because the centre of gravity was the Only physical property being considered,
it was necessary to eliminate one unknown parameter. The special case of
b =  I was selected because it resulted in the conic sections commonly used to
describe tree form. Then, by changing the value of  a,  a continuum of forms
resulted, including the following familiar solids: neiloid (a = 0.6, K =0.2),
cone  (a = I, R =0.25), paraboloid  (a = 2, R =0.3) and cylinder  (a infinite,
=0.5) (Fig. 2).
en to
ere,
Par
t n aCO3)  17
.0 A7°0& e .
11) 7. 5
TO .5 e 0
Tv n acc 7,,
ro
11 actual diameter, di(Relative diameter —
basal diameter, Do
FIGURE 2. Relationships between the relative height and relative diameter of four
solids (after Forslund 1982). The curves describe  text  equation (17) with b = I and the
given values of  a.  Tree stems may approximate to paracones.
Applying the above to a sample of widely different tree heights of  Populus
tremuloides,  Forslund (1982) found R =0.03, giving  a=  1.5. This value of  a,
lying between I (cone) and 2 (paraboloid), supports an earlier observation
(Honer 1965) 'that trees are neither paraboloids nor cones but something in
between'. Forslund called this shape the 'paracone'. By substituting  a =  1.5
and  b =  I, equation (18) becomes:
v.= 3 ( 1 ) 413
7 1—K
aditH
4
It was also noted that the volume estimate was very much more sensitive to
errors in diameter than in height.
Finally, if  K =  0 in equation (20), ie dK =  D. we  have:
31;
V= — DIN
28
(20)
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and so, as before, volume is essentially proportional to D211.
5. A multivariate model
The multivariate method of PCA has been used by a few workers to character-
ize stem form. Liu and Keister (1978) used 14 relative height positions on the
stems of Pinus taeda and Pmus elliotta as variates. In all data sets examined,
the first component accounted for more than 99% of the total variability: in
other words, the stem taper curve was almost completely described by the
first principal component. Furthermore, because the variates were all of the
same kind – diameters – and.measured on the same scale, a graph of the 14
elements of the first eigenvector plotted akainst relative height position defined
the stem profile.
6. Stem eccentricity
Most mensurational formulae used to estimate stem volume assume that the
cross-sectional area is circular. However, stems are commonly eccentric, for
a variety of reasons (eg Williamson 1975; Kio 1976). No simple way of
incorporating this factor into mensurational formulae has been devised, but
the close fits between estimated and actual values suggest that the errors are
minimal.
III. CROWN STRUCTURE AND RELATIONSHIPS WITH
THE STEM
A. Foliage/stem relationships
The underlying concept here is that a certain amount of foliage is supported
physiologically and mechanically by a given amount of xylem or wood. The
first part of this section deals with dimensional relationships involving the tree
crown, and particula0 the foliage. The major component quantities of the
crown, which are estimated empirically from dbh, diameter at base of crown,
or diameter at branch base, are hranchwood mass, foliage mass, and foliage
arca.
I. General
The first application of a relationship between dbh and foliage weight was to
Pinus ponderosa by Kittredge (1944) using the simple allometry, already
discussed:
logebty = log,a+ blogeD (21)
Sy using the method of Kozlowski and Schumacher (1943) to estimate the
surface area of a pine needle, Cable (1958) established a linear relationship
between foliage area and weight for Pinus ponderosa:
LA = a' +b7..w (22)
By substituting (22) into (21), we have:
( I a'
log, —if LA -
b'
= logea+blogeD (23)
If a' is small, and can be neglected, equation (23) becomes:
log„LA = (logia+logeti')+ blogeD (24).
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a linear function. Within the (wide) limits of variability of the data, this
approximation is acceptable.
Various authors have investigated the applicability of crown component
estimation from dbh (Attiwill 1966; in Eucalyptus obliqua; Snell & Anholt
1981, in Pseudotsuga menzresii;and Vaienkov-1982, in Pinus sylvestris).Other
easily measured features have also been used. Carbon et al. (1979) compared
the following allometric regressions: LA on H, LA on D, 1_,/;on Dif and LA
on D211 in several Eucalyptusspecies, and found the second pair of variables
to have the highest correlation. Snell and Anholt (1981), in addition to using
dbh alone, also introduced height as a second regressor variable; while Kurvits
(1981), in a study on Pimis sylvesths,investigated relationships between foliage
weight and both height and dbh.
Relatively early, Attiwill (1962) working on Eucalyptus obliquafound that
simple allometric functions adequately described the relationships between
(a) foliage weight on a branch or the bianchwood weight itself, and (b) the
basal diameter of the branch. Loomis et al. (1966) investigated allometric
ielationships between foliage and branchwood weights on various other tree
attributes in Pinus echinata. Bole diameter at the base of the crown was the
best single estimator of foliage and branchwood weights, but dbh and crown
ratio (crown length/total stem length) used together were satisfactory. Interest-
ingly, none of the relationships appeared to be affected by stand density. More
recently, Ek (1979) used .a model of the form:
W8 = aDkH — (25)
in hybrid poplar in a stepwise nonlinear multiple regression model.
2. Foliagehapwood relationShips
Except for Huber (1928), the first report of a relationship between foliage
mass and sapwood cross-sectional area at breast height appears to be that of
Grier and Waring (1974), who found that a linear function adequately
described the situation in Pseudotsuga rnenziesii, Abies procera, and Pima
ponderosa. Snell and Brown (1978) compared dbh and sapwood area as
estimators of crown biomass in seven conifer species. For Pseudotsuga menzie-
sh, Pima monticola,and Pima ponderosa,sapwood area was a significantly
better estimator than dbh, whereas in Thuja plicata, Abies grandis, Abies
lasiocarpa,and Larix occidentalisthere was no significant difference between
dbh and sapwood area as estimators. However, Snell and Brown used young
trees, and there may have been little heartwood in the latter group of species.
Several other workers have reported linear relationships between sapwood
area and foliage biomass (eg Whitehead 1978; Kaufmann & Troendle 1981;
Waring et a). 1982).
Waring et al. (1977)examined four contrasting broadleaved species: Costar-
opsis chrysophylla,an evergreen tree, Acer macrophyllum,a deciduous tree,
Rhododendron macrophyllum,an evergreen shrub, and Acer citrinatum, a
deciduous shrub: The authors found well-defined linear relationships in all
but Acer circinatumwhere, despite increased variability, an allometric function
was required. It can be argued that an allometric function is preferable Mall
cases for reasons already discussed. On the other hand, Rogers and Hinckley
(1979) argued that in Quercusspecies only the most recent one or two annual
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rings actively conduct water, because in older xylem the large vessels cavitate
relatively easily, and tylose formation tends to block them.
The most detailed analysis of this kind was made by Long  et al.  (1981)  in
Pseudotsuga menziesii.  They found that sapwood cross-sectional area was
linearly related to foliage mass above the point of measurement, for any height
up the stem. This meant that, while sapwood area changed with height within
the crown, beneath the crown sapwood cross-sectional area remained constant
with height (while heartwood area increased).
B. Distribution of foliage within the crown
I. General crown characteristics
Much detailed.work on crown structure has been done in Japan on Ctyptarneria
japonica  (Kajihara 1976, 1980; Same & 1moto 1979), on  Chamaecyparis obtusa
(Kajihara 1981) and on  Abies sachalinensis (Inose 1982).
In  Cryptomeria japonica  stands, three developmental stages of trees were
recognized. In trees up to 6 m height, the whole crown was exposed to
sunlight, and crown length, diameter, and slenderness ratio (crown length/
crown diameter) increased with tree height. In trees about 7 to 12 m tall, these
three characters decreased slightly with increasing tree height, in that part of
the crown exposed to sunlight, while the length and slenderness ratio of the
whole crown increased. In trees over 12 m tall, the slenderness ratio of both
parts of the crown remained constant, while crown length and diameter
showed a small linear increase with increasing height.
In sample trees ranging from nine to 58 years old, crown mantle volume
(the outer part of the crown containing foliage) and. surface ;area seemed to
correspond better with leaf fresh weight than with total crown volume. Using
the allometric relationship logey = logdit+blogeLF, where y is crown mantle
volume, crown mantle surface area, total crown volume, or crown basal area,
strong correlations were found between logo/ and logeLF. Similar relationships
were found  in Chamaecoaris obtusa.
2.  Observational studies on foliage distribution
Most studies on foliage distribution  within  the crown have also considered
the effects of tree population densities within stands, and irradiance levels
within crowns. Strong and Zavitkovski (1978) examined needles from different
pans of the crowns of six-year-old  Pinus banlesiana and  Larix lavicina growing
at different densities. Needles from the lower third of the crowns were shorter,
and had smaller surface areas and dry weights, than those from the upper
third, and these within-crown differences were greatest in samples from trees
grown at a high density. Schmid and Morton (1981) found that needle area
and biomass were distributed in the ratio 1.0: 3.5: 2.0 (top/middle/bottom) for
open-grown  Pseudotsuga menziesii,  and 1:2: I  for. Abies concolor.  They also
found that current year new growth, expressed as a percentage of total needle
weight per branch, decreased from the top of the crown to the bottom  in
Pseudotsuga menziesii,  and from the top to the middle in  Mies concolor.
Siemon  et al.  (1980) studied the distribution of foliage age in  Pinus radiata.
In the upper third of the crown the percentage of one-year-old foliage increased
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acropetally from 52% to 75%, whereas that of two- and three-year-old needles
decreased from 28% to 22%, and 20% to 3% respectively. In the middle and
lower crown, the distribution of foliage was constant at 37% (one-year-old),
27% (two-year-old) and 36% (three-year-old and more). Stand density had
little effect on the distribution of foliage by crown position or leaf age.
Ilonen  et al. (1979), examining Pinus sylvestris, found that there was a linear
decrease in bud number per whorl, and a curvilinear decrease in shoot growth,
with increase in whorl number counting from the apex. Shoot growth was
linearly related to the prevailing light conditions within the crowns, but
differences existed between dominant and suppressed trees.
According to Kellomaki (1981), light affects the partitioning of growth in
the crowns of  Pinus sylvestris, poor light conditions favouring needle growth
at the expense of stem and branchwood growth, and stemwood production
being maximal in moderate shade (about 60-70% of full daylight).
3.  Probability density modeLs of foliage distribution
Several authors have attempted to describe the vertical distribution of foliage
biomass and area within tree canopies empirically, by means of probability
densities. Gary (1978) applied the Weibull distribution to 80-year-old Pinus
contorta;  Kellomaki  et al.  (1980) used the beta distribution in young  Pinus
sylvestris; while Beadle  et al.  (1982) used the normal distribution, with the
inclusion of a term to accommodate the significant skewness which they found
in the vertical distribution of foliage in mature  Pinus sylvestris. Massman
(1982) compared a range of probability densities describing the distribution
of foliage with height in  Pseudotsuga menziesii and  Pinus lambertiana; beta and
chi-squared distributions fitted almost as well. The Weibull distribution ts
described, in relation to another use in forestry, by Bailey and Dell (1973),
who also gave a useful list of referenCes to papers describing some of the other
distributions mentioned above.
C. The pipe model and its theory
I. Foliage sapwood'model
Prior to the investigations described above, similar concepts had been devel-
oped in Japan. The culmination of these developments was an integrated
model of certain aspects of tree growth and form - the pipe model theory -
the basic analysis of which was done by Shinozaki  et al.  (1964a).
Figure 3A shows curves of foliage biomass with stem height,  G(h),  on the
left-hand side of the vertical axis, and of non-photosynthetic tissue biomass,
C(h),  on the right. Non-photosynthetic organs - stem and branches - at height
h  are considered to support, both mechanically and physiologically, all the
foliage above  h  whose amount is given by:
= J.:G(h)dh  (26)
The corresponding curve of  F(h)  is shown in Figure 3B (in other words,
the cumulative foliage biomass from the top downwards). There, is then a
relationshq5 observed between F(h)  and co)illustrated in Figure 3C. Over
the length of the crown:
F(h)= L C(h)  (27)
150 D. R. Causton
Crown
tclage
GM)
Wood
Be Itswell
CO)
and from (26) we have:
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FIGURE 3. The pipe model theory of Shinozakiet al. (1964a) and the stem form
theory of Oohata and Shinozaki (1979).
A. Vertical profiles of the biomasses of foliage,G, and woody tissues, C (stem and
branches) on a tree.H = total tree height, lic= height at the base of the crown,
h= height above the ground..
B. Vertical profile of the biomass of woody tissues (as in A), and the cumulative
biomass of foliage, F (accumulated from thc top to the bottom of the tree).
C. The relationship betweenF and C.
D. As in B, but showing, on the left, the cumulative total biomass,T(accumulated
from the top to the bottom of the tree).
E. The relationship between 7' andC.
but beneath the crown F(h) is constant while C(h) continues to increase. (L
is defined below.) Differentiation of (27) with respect to h gives:
dF(h)  dC(h)  
dh . dh
G(h)—L dC(h) (28)
dh
This implies that, at a particular height, the rate of change of non-photo-
synthetic tissue with increase in height is proriortional to the amount of foliage
at that height. Another form of (28) is:
C(h) = — G(h)dh (29)
•
which shows the relationship of non-photosynthetic tissue with integrated
foliage biomass at different heights.
At first, seemingly divorced from the mathematical model, Shinozaki et al.
(1964a) postulated that, 'a unit amount of leaves is associated with the
10. Relationships among tree pans 151
downward continuation of non-photosynthetic tissue that has a constant cross-
sectional arca. [In other words] a unit amount of leaves is provided with a
pipe The pipe serves both as the vascular passage and as mechanical
support, and runs from the leaves to the stem base'.
As far as foliage on livingbranches is concerned, the 'pipes' correspond to
the sapwood xylem; the heartwood represents the pipes to foliage on dead
or pre-existing branches. Accordingly, C(h) in the above equations cannot
represent total non-photosynthetic tissue but only sapwood, because the G(h)
function represents merely the existing foliage. However, the pipe model
theory accommodates the heartwood as the pipes going to pre-existing
branches.
The link between the mathematical and descriptive models comes in the
constantL, which has the dimension of length, and is known as the specific
pipe length. From equation (28), the larger L is, the smaller the amount of
sapwood at height h that supports a given foliage mass at that height and
above. In other words, the larger the specific pipe length, the more efficient
is the sapwood in supporting foliage. Hence, a high value of L can be equated
with high conductivity and rigid support.
In addition to the examples supplied by Shinozakiet al. (1964a), Waring
et al. (1982) provided further evidence of the value of the pipe model theory
in examining foliage distribution within a canopy
2.  Stem, root and branch analysis
In a second paper, Shinozakiet al. (1960) used their model to examine the
frequency distribution of diameters measured at 10 cm intervals along the
trunk, branches, and roots of a tree. Their analyses showed that roots and
branches represent simple pipe assemblages. The trunk, however, gave quite
a different pattern indicating that it could be approximated by a combination
of three cones: the stem within the crown, the branchless part of the stem,
and the buttswell. The model also predicted that a better estimate of total
foliage biomass would be obtained from trunk diameter just beneath the
lowest branch rather than at breast height, and this was shown to be the case
by measurement.
3. A  model of stem size beneath the crown
Fifteen years elapsed before the pipe model was developed further, by Oohata
and Shinozaki (1979). From Figure 3A it is evident that cumulative total
biomass (of foliage and wood) from any height h to the tree top is given by:
T(h)= ti{G(h)+C(h)}dh (30)
as shown on the left Of Figure 3D. It is alsoobservedthat, in the leafless pan
of the trunk (below the crown, h<hc,),a linear relationship exists between
C(h) and T(h), ic,
T(h)= a+ b- C(h) (31)
as shown in Figure 3E. From equation (30),
dT(h)  
— {G(h)+C(h)} (32)
dh
and from (31),
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dT(h) dC(h)  
dli — b dh (33)
The negative sign in equation (32) appears because integration starts from the
top of the tree, H, down to any other height, h; and h<H. Over the linear
range of T(h), when h<ho, G(h) = 0, thus putting G(h) = 0 in equation (32)
and eliminating the derivative between (32) and (33), we have:
dC(h)  
C(h)dh
which; on integrating and rearranging, gives:
cvo =
wherec is the constant of integration which, when evaluated, gives the final
relationship:
COO= C(h..)e0")1° (34)
thus the relationship betweenC(h) and h is exponential.
In a similar manner, Oohata and Shinozaki (1979) developed a stress model,
giving the result:
A(h)= A(Ito)e(h.- "" (35)
Because, for a vanishingly small length of stem, C(h) = eA(h), substitution
into (35) yields:
C(h) = eil(k)e0.-"" (36)
Comparing equations (36) and (34), we may conclude that b = pla; b has the
dimensions of length, and is called the specific stress length.
IV. QUANTITATIVE ASPECTS OF ASSIMILATE
PARTITIONING
Any discussion of relationships between tree pans must take cognisance of
assimilate partitioning, but the present coverage will be confined to some
aspects of modelling the phenomenon.
A. The relevance of allometry
Let the biomasses of two plant parts be allometrically related, ie,
log.W, = logez+blog,W,
Differentiation with respect to time gives:
d(log,W,)
= b
d(logilY)  
dt dt
and so:
(37)
b = RJR, (38)
Warren Wilson (1972) has suggested, for actively growing tissue, the whole
of which may be regarded as a sink for assimilates, that relative growth rate
could be regarded as a measure of sink activity; thus, b may be interpreted
as the ratio of the two sink activities. Note that this is a mechanistic model;
even if there is some unknown nonlinear relationship between log.W, and
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logeW„ the gradient at any point of this relationship is still the ratio of relative
growth rates at that particular time (Causton & Venus 1981).
Naturally, only in young seedlings can the whole of the foliage, stem and
roots be regarded as consisting of actively growing tissue. Here, the relative
growth rate ratios of the different organs can be regarded as ratios of the sink
activities of the two organs. Data of this kind are given by Causton (1970) for
Acer pseudoplatanus and  Betula pubescens. A similar analysis could be made on
older trees if attention were confined to actively growing parts, such as
expanding buds or vascular cambium.
B. Models of assimilate partitioning
1. Empirical models
An early model, primarily describing the effect of photosynthetic rate on
growth, is that of Ledig (1969). Starting with the relationship:
d W(t)  
— kP(01,w(t)  (39)
and invoking the allometric form.
Lw =  aW6  (40)
equation (39) becomes
dW(t)  
-
kaP(O{W(1)}6  (41)
dt
Integration from the start of growth to time z yields:
W(0=  kaP,P(0{W(t)} bdt  (42)
By assuming a combination of two logistic functions for  kP(t) — assumptions
unexplained (but see Ledig & Perry 1969) — Ledig was able to solve equation
(42) numerically to obtain a growth curve for  W(t).  This curve was validated
against growth data in  Pinus taeda.  However, the essential feature of this
model, for our purposes, is that assimilate partitioning is described empirically
by linear allometry.
Promnitz (1975) took a somewhat more mechanistic approach, starting
from a series of equations of the form:
dW(t)
— P.WP(OW. (I)—S4)
i = 1, ,4 (43)
where  i =  1 refers to stem elongation material, i = 2 to stem thickening
material,  i =  3 to root material, and i = 4 to leaf material. All quantities are
regarded as functions of time. However, when it comes to describing the
partitioning of assimilates, the formula is based entirely on experimental data
(an empirical attribute) and is:
dt
1)411)+4 4
W(t,)—E
I  I  I  I
4
p.(i,) 5,(4)—S,(4)
P(t,)—
(44)
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for the ith plant pan and time interval from  to  t, (ie from some previous
time to present time). Assimilate partitioning is thus based on observation
over a time period. This model was applied to a  Populus  clone.
2.  Mechanistic models
Two models of assimilate partitioning, including shoot/root ratios, were
developed by Thorn ley (1972a,b) and Reynolds and Thorn ley (1982). Both
models were almost wholly mechanistic, in that only the modes of substrate
utilization and translocation were specified: the former by the Michaelis-
Menten function, and the latter by a basic flow equation (based on concen-
tration differences and resistances to flow).
Barnes (1979) developed a wholly mechanistic model of assimilate partition-
ing in carrot. His resulting expression  is:
loges = logea+ blageg+ct (45)
A plot of loges against logeg over a long period of time is thus curvilinear,
which is true for the carrot. Constants  b  and  c  are made up of 'internal'
characteristics — ratios of shoot and root sink activities, conversion efficiencies
of assimilated carbon in the production of new dry matter, and maintenance
respiration rates per unit of shoot and root tissue. There is no reason why this
model cannot be applied to any species, but many plants show linear allometry
between their parts over prolonged periods of time, implying  c =  0. In Barnes'
model, it would take a particular balance of the above internal characteristics
to ensure this situation obtained.
V. CONCLUSIONS
My impression, gained from the forestry literature on dimensional relation-
ships, is that of excessive devotion to the task of formulating quantitative
criteria to estimate stem volume or mass using a range of empirical models.
Verv rarely have attempts been made to compare models; indeed there seems
to be much replication in the use of models, sometimes involving different
species, with a minimum of reference to similar work. With such a mass of
'isolated' papers in the literature, generalization is difficult; however, the
following points can be made. •
When attempts have been made to take a more mechanistic approach (eg
volume of a solid of revolution, and Forslund's centre of gravity analysis), the
simple equation  V = a(D211) results. However, this function implies that the
tree stem consists of a single simple solid; this is unlikely, and it is more
realistic to divide the stem into several sections (three have often been
suggested), each consisting of a single solid. Thus, the allometric variants of
the above equation  V = a(D2H)"  or  V = &YIP  probably give the best general
estimate of stem volume from height and dbh measurements that one can
expect.
Similarly, the cubic paraboloid (14), relating height and diameter of the
stem, was derived from mechanistic considerations; but again this can really
be applied only to a section of the stem, albeit a long section, and it cannot
be applied to an old tree when height growth has ceased. Consequently, the
rectangular hyperbola (13) provides the best height/diameter relationship.
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However, from the comments made above, more rigorous comparisons of
empirical models of tree form are desirable.
Although the idea of 'pipes' in a woody stem is a straightforward concept,
some of the mathematics of the Japanese pipe model theory usefully quantifies,
and also slightly predates, work in the West. Thus, apart from introductory
ideas by Huber (1928), Kittredge (1944) and Cable (1958), the idea of a
relationship between the foliar and non-foliar biomasses has only really
developed during the last two decades. Furthermore, practical application of
the concept of a relationship involving foliage biomass at height  h  in the
crown,  G(h),  requires at least an empirical model for  G(h),  such as the
probability densities in Section III.B.3. The mathematics of the theory is
partly based on mechanistic models - the integral equations - and partly on
empirical models of observations - the linear equations; there seems to be
considerable scope for further development of this theory.
While the modelling of tree form (the result of many processes) has hitherto
been mainly empirical, mechanistic models of one of the main underlying
processes which determines tree morphology - assimilate partitioning - are
somewhat more feasible to construct. Some headway has been made in this
direction in herbaceous plants in recent years, but little has yet been achieved
for trees. If one assumes a 'demand limited' situation, where the photosynthetic
rates of leaves are below their potential rates, owing to some negative feedback
mechanism from the sinks to the sources (leaves), then the rate of assimilate
usage would depend on the rate of sink activity, and the rate at which
assimilates could be translocated from source to sink. These two processes
should therefore be the focus of attention in the construction of mechanistic
models of assimilate partitioning in the future.
All the topics covered in this paper are aimed at describing and understand-
ing tree form. Evidently, the biometrician must continue to play a crucial role
in these activities alongside the forester and tree biologist.
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I. INTRODUCTION
It is now a truism of crop physiology that, during crop evolution and
domestication, yield has been increased mainly by increasing the proportion
of assimilates partitioned to the harvested parts of the plants, and much less(or not at all) by increasing total biomass production (Evans 1976). Indeed,
it has proved very difficult to find evidence for an increase, during domesti-
cation in the maximum light-saturated CO, exchange rate per unit leaf area
of wheat, maize, sorghum, sugar cane, cotton, cowpea and pearl millet(Gifford & Evans 1981). In all these crops, genetic improvement in yield has
generally
 been
 achieved by altering the size of plant parts, developmental
processes, and adaption to the 'agronomic' environment, all resulting in
160
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increased partitioning of dry matter to the organs that are harvested (Evans
1975).
The purpose of this review is to consider the opportunities that exist in tree
crops to increase yield by changing the partitioning of dry matter. These
opportunities are sought in part empirically, by reviewing widely scattered
information on dry matter partitioning in trees, and in part by considering
the factors that influence or control assimilate partitioning. McMurtrie (this
volume) extends our understanding further, by using conceptual models to
explore the effects on tree grow.th of changes in assimilate partitioning. It is
important to consider some aspects of mineral nutrient, as well as carbon,
partitioning. However, no attempt is made to cover the extensive literature on
source-path-sink relationships (see Warren-Wilson 1972; Wareing & Patrick
1975; Moorby 1977; Thorn ley 1977; Gifford & Evans 1981).
The framework of this review is to consider (a) the relevance to tree crops
of the notion of 'harvest index', (b) the limited factual information on carbon
budgets of whole trees and forests, (c) root/shoot interactions, (d) the effects
of fruiting on dry matter partitioning, and (e) partitioning between leaves,
branches and stems.
II. HARVEST INDEX
The notion of harvest index (H.1.) was devised primarily to assess dry
matter partitioning in annual grain crops, defined as: dry weight of harvested
part/total above-ground dry weight at harvest. Let us consider this concept
with respect to tree crops.
A. Defining yield
A premise of the  H.I.  concept, and indeed of this review, is that yield can be
adequately defined in terms of dry weight. However, different harvested parts
can have greatly different values. The most lucrative aspects of harvest index
to explore are often the opportunities to increase the proportion of dry matter
partitioned to the highest value products. However, it is beyond the scope of
this review to consider, for instance, factors affecting the relative value of
fruits and fuelwood, or the quality and size distributions of forest tree boles.
A second aspect of harvest index to explore is the possibility of increasing
the size or number of tree parts that can be removed as yield. The extreme
example of this is the multipurpose tree, where even the litterfall might be of
value for soil improvement. A less extreme example is whole-tree harvesting
in forestry (eg Keays 1971). A further example occurs in tea(Camellia sinensis),
where yield consists of young shoots with 'two-leaves-and-a-bud'. These are
the only pans which make good quality beverage. Each shoot is plucked at
the end of a period of slow exponential growth lasting about 35 days. If the
shoots were allowed to grow to !three-leaves-and-a-bud', they would double
their dry weights, and take only a further 7 days to do so (Tanton 1979).
Thus, if tea bushes were selected in which this third leaf could be used to
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make good quality tea, yield might be substantially increased. There are,
perhaps, other instances in which  H.I.  could be increased, not by changing
dry matter partitioning, but by redefining yield.
B. Harvest index and yield
There is a considerable literature in the agricultural sciences showing that
there is a strong association between H.I.  and yield, and it has been suggested
that measurement of  H.1,  might advance our understanding of crop perform-
ance (cg S ingh & S toskopf 1971 ; Donald & Hambl in 1976).H owever, Charles-
Edwards (1982) warns against this suggestion, on two grounds: (a) correlations
between a ratio  (H.I.)  and a measurement from which that ratio is derived(yield) are 'false' and can be obtained using random numbers, and (b)H.I.
is actually a complex measure of performance which integrates phenological,
physiological and environmental factors affecting yield. Thus, genetic im-
provements in the yield of cereals in Britain during the period 1900 to 1980
were accompanied by a large increase in  H.I.  (Austin et al. 1980), but the
true determinants of increased yields were probably a decline in the duration
of the vegetative growth phase, and an increase in the amount of light
intercepted during the grain-filling phase (Charles-Edwards 1982). Thus,
when looking for ways of increasing the yield of tree crops, we should examine
the whole-plant processes that determine  H.I.; it  is not sufficient to say that
yield increase is associated with an increase in  H.I.
Finally, we should recognize that the relationship between yield and  H. I.
is always likely to be parabolic; that is, there will be an optimum value beyond
which continued increase in the proportion of assimilates devoted to the
yielded part occurs at the expense of new light-intercepting foliage, new roots,
or essential structural parts.
C. Harvest increment of tree crops
The harvest indices of annual crops are calculated over their lifetimes, so for
the purposes of comparison the same should be done for perennials (eg Fritts &
Hancock 1983). However, in tree crops, we are also interested in the increment
apportioned to a harvested part over a period of years within the lifespan,
which we may call the harvest increment  (H.Incr.”.
 Clearly, the value of
Hiner,  will depend on the age of the trees and span of years chosen.
The  Hiner.  values of forest trees and most fruit trees are, in fact, quite
high. Thus, Cannell's (1982) 'forest production data set' shows that the stems
took 40-60% of the current annual above-ground dry matter increment in a
large number of both broadleaved and coniferous stands around the world
H.hut.  = Increment in harvested parUtotal above-ground increment; where the interval may
be one or several years during the life of the trees.
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FIGURE I. Percentage of the current annual increment in above-ground dry matter
of forest stands taken by: A. stems and branches; including bark, B. stems only,
including bark, and C. reproduCtive structures (fruits, seeds, etc).
Values were taken from Cannell (1982), using all data sets in which estimates had
becn made of foliage, branch and stem production. C does not include those stands
that had zero values for reproductive structures. Many studies did not include good
estimates of tree mortality or woody litterfall. Each histogram gives the number of
stands, the average age of the stands, and their average current above-ground dry
matter production.
(Fig. IB).•If branches are included with stems, then the H.Incr. of many
stands are in the range 60-80% (Fig. IA). Furthermore, these values are
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probably under-estimates, because many studies failed to give values for
woody litterfall or tree mortality.
The proportion of above-ground dry matter increment taken by the repro-
ductive structures of forest trees is usually less than 10% (Fig. IC), although
higher values may be recorded in 'mast' years, heavy coning years, and
perhaps if accurate estimates of pollen production were made. The  H incr.
measured on young fruit trees ranges from 23% to 75% (Table I). Despite
biennial bearing (which may be related to seed-produced hormones rather
than to shortage of assimilates), mature fruit trees may have average Hiner.
values exceeding 60%, which is considered to be near the maximum  H.I.(= H.Incr.)of  cereals, which have to produce tiew structural tissues each year(Austin a al.  1980). Carbon allocation models for wild andual species suggest
that the maximum reproductive yield is obtained when the switch from
vegetative to reproductive growth occurs at the time when the yegetative mass
is equal to final reproductive yield, that is when  Hi.
 is no more than 50%(King & Roughgarden 1983). Selected progenies of oil palm are able to sustain
a
 incr.  (bunch index) of about 50% (Corley  et al.  1971 b; Breure & Corley
1983). 
. '-
Tea and  Hevea  rubber have  H.Incr.  values of Ies than 15% (Table I),
which is one of the main reasons why the mean annual yield of these crops is
usually only 1 to 3 t ha- 'yr.' of dry matter, compared with 5 to 15 t ha- 'yr-
in many tropical timber, fuelwood and•fruit trees.
III. ANNUAL CARBON BUDGETS
The first step to understanding whole-plant processes that might influence
the  H.Incr.  of trees is to examine yield in the context of the total annual
carbon budget. Unfortunately, few complete carbon budgets have been con-
structed for trees, and most of thém suffer 'serious limitations (see Jarvis &
Leverenz 1983). However, sufficient information exists to establish the relative
magnitude of rne different biomass components and carbon fluxes, which
form a basis for the Conceptual models Of McMurtrie and Wolf (1983) and
McMurtrie (this volume).
Figure 2 presents two carbon budgets for forest trees, in which attempts
were made to determine all the components by measurement. However, there
was considerable uncertainty, about the magnitude of root respiration and
woody litterfall (Agren  et al.  1980; Edwards et al.  1981). Also note that the
two stands differed markedly in age, size and site conditions. Two further
budgets are presented later (Fig. 7, for the same stands as Fig. 2A), but other
published budgets for trees are incomplete, or were balanced by assigning a
remainder to one of the processes (Schulze 1970; Schulzea al. 1977; Kinerson
et al. 1977; Kiia & Yabuki 1978).
In the absence of other data, Figure 3 presents four of the best current
net-dry-matter-production budgets published for forests (that is, omitting
respiration), in which good estimates were made of each component , including
fine root turnover.
The most striking feature of all these budgets is the high proportion of dry
matter allocated to root respiration and fine root turnover. Thus, in Figures
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FIGURE 2.  Current annual dry matter budgets of two contrasting forests. Both
budgets were balanced using measurements of net photosynthesis, biomass increments,
respiration, litterfall and fine root turnover.
A.  Pinus sylvesnis, 14 years old, 60°49'N in Sweden, poor sandy iron-podzol (Agren
et al.  1980).
B.  Liriodendran tulipifera,  broadleaved woodland, up to 50 ycars old, 35°58'N in
Tennessee, deep alluvial silt-loam (Edwards  er al.  1981).
Squares: biomass (t ha- I); circles• fluxes (i ha- 'yr-1). Values can be convened to
gC in-2yrby multiplying by 50. The area! Å the squares and circles are proportional
to the values, but the scales differ in A and B. The small boxes within the woody
biomass squares give the annual net wood increments (t Thc budget for B
includes the understorcy canopy, but omits the ground flora, and small losses from
predators and herbivores. Note that the percentage dry matter going to foliage is equal
to the litterfall plus the increment in living foliage.
2A and 2B the roots took 62% and 42%, respectively, of the total carbon,
while in Figure 3 they took between 24% and 66% of the current net dry
matter production. These percentages represented 2-1 to 16-8 t ha-1yr' of
dry matter, often exceeding the dry matter used each year to produce new
foliage. The second feature to note is that, whereas the Hiner. values for
19%
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FIG URE 3. Current annual net dry matter production budgets of four forest stands
(excluding respiration).
A. Tropical rainforest, Venezuela, on infertile leached lateritic soil (see Cannell 1982,
p. 372). (A fairly complete budget also exists for the Pasoh tropical rainforest,
Malaysia; see Cannell 1982, p. 196.)
B. Pkea sitchensis,Scotland, aged 17, peaty gley soil (see Cannell 1982, p. 242).
C. Pinta taeda,  North Carolina, aged 14, sandy loam (see Cannel] 1982, p. 326,
assuming 5.5 t hr'yr- ' increment in dead branches).
D. Mies amabilis,Washington State, aged 23, sandy, gravelly clay loam (see Cannell
1982, p. 289).
Squares: biomass (t hr '); circles: fluxes (t hr lyr-'). The large biomass of stems and
branches in A (3161 ') is not drawn to scale, but all other biomass and flux values
are represented by squares or circles on the same scale. See legend to Fig. 2.
woody parts in these stands were quite high, the net ikrement of woody parts
often represented a small part of the total carbon budget. For instance, the
H.Incr.  of woody parts in Figure 2A was 47% [0.551(0-55-1-0-63)], whereas
the annual net increment of woody parts represented only 16% of the total
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fixed carbon (0.55/3.44). Third, note how very different the allocation patterns
were in the different stands. We do not know to what extent the *differences
were due to species, stand age, management, climate, site conditions or errors
in measurement. Nevertheless, the magnitude of the differences suggests that
important variation exists, some of which may be exploitable. Finally, note
that the respiratory losses from foliage and fine roots were proportional to
their biomasses, whereas the respiratory losses from woody parts were a
function of their surface areas, and so were small relative to their biomasses(Butler & Landsberg 1981), However, whereas the surface area of woody
parts increases with tree size, the biomass and respiratory burden of foliage
and fine roots remain relatively constant after canopy closure (Rauner 1976;
McMurtrie, this volume). This fact means that the netdry matter increment
of woody parts represents a decreasing proportion of the total net increment
with increase in the tree size.
IV. ROOT/SHOOT INTERACTIONS
It is widely believed that a functional equilibrium exists between the size and
activity of the shoots (which fix carbon) and the size and activity of the fine
roots (which take up nutrients and water). In a constant environment favouring
continuous growth, the ratio of root/shoot relative growth rates tends to be
constant. The root/shoot equilibrium tends to be adaptive; in particular,
assimilates are used preferentially by the shoots if conditions limit photosyn-
thesis, and preferentially by the roots if conditions limit nutrient or water
uptake.
The root/shoot equilibrium is virtually the only aspect of partitioning in
plants that has been modelled non-empirically. In almost all the major plant
and crop growth models (ELCROS, SIMCOT, GOSSYM, SIMAIZ, etc)
carbon partitioning has been simulated by assuming a specified allometry, by
predefining patterns of partitioning, or by pre-assigning priorities to different
sinks (Hesketh & Jones 1976; Loomis et al. 1979; Penning de Vries & Laar
1982):
Here, I shall briefly consider the predictions of different approaches to
modelling root/shoot interactions, and then describe the observed effects on
root/shoot partitioning of some environmental, management and plant factors.
A. Root/shoot models
There have been basically three apprqaches to modelling root/shoot assimilate
partitioning: (a) the 'whole-plant view' proposed by Davidson (1969) and
extended by Thornley (1977) and Charles-Edwards (1976, 1981, 1982), (b)
the 'resistance-utilization' approach of Thornley (1977), and (c) a 'storage-
pool' model proposed by Reynolds and Thornley (1982). All of them are
relevant to trees if we redefine roots as only the fine roots, and shoots as the
foliage.
The whole-plant view is based on the relationship:
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WRGR(f. =  Wsaslf,
 (I)
where WR is the root mass, Ws  is the shoot mass, aR is the specific activity of
the roots (cg the rate of nitrogen uptake per unit root mass), as is the specific
activity of the shoots (normally the rate of carbon assimilation per unit shoot
mass), f0, is the nutrient composition of an increment of new plant dry matter
(eg percentage nitrogen), andf, is its carbon composition. The root/shoot ratio
Was = føraslfeaR and the proportion partitioned to roots becomes:
root fraction = finc.s/(fraR +has) (2)
Equation  (2)  states that the proportion of new plant dry matter partitioned
to roots will decrease if (a) the root specific activity, OR, increases (eg with
improved nutrition, see below), (b) the nutrient composition of new plant dry
matter, f„„  decreases (eg with increased partitioning to wood, see below), and
(c) the rate of carbon assimilation by the shoots, as,  decreases (eg as a result
of shading) (see Fig. 4A).
The balanced 'resistance-utilization' model of Thornley (1977) makes the
assumptions that (a) carbon, C, and nitrogen, N, are transported passively,
at rates dependent upon conentration gradients divided by resistances in the
pathway, and (b) the rates at which C and N are utilized by the shoots and
roots depend upon their masses and the concentrations of C and N in the
substrate (Fig. 4B). This model predicts similar changes in partitioning to
those expressed in Figure 4A, resulting from changes in substrate C/N ratio.
Under steady-state conditions, the relative growth rates of shoots and roots
are in constant ratio to each other, and if the root/shoot ratio is perturbed,
this brings about changes in C and N substrate concentrations that lead to a
return to steady-state conditions (Fig. 4B).
The 'storage-pool' model proposed by Reynolds and Thornley (1982) does
not invoke assimilate transport resistances, which cannot easily be measured,
but instead supposes that there are two storage pools, one for C and one for
N (Fig. 4C). The model is a further advance, in that it allows suboptimal and
optimal partitioning strategies to be compared, assuming that an optimal
strategy is one giving the greatest plant relative growth rate. The model
suggests that, when  an  is low (in nutrient-poor conditions), the root/shoot
ratio will be lower with an optimal strategy than with a fixed or suboptimal
strategy, but the situation will be reversed when  aR  is high. Trees, which
must endure a range of environments, may not adopt optimal partitioning
strategies in their native environments. They may, for instance, partition less
to foliage and more to roots than would be needed to maximize their relative
growth rates, and hence to perform well as crop plants (see Bowen, this
volume).
B. Effects of nutrition
There are numerous papers, on woody and herbaceous species, showing that
high levels of nutrient supply increase shoot growth relative to root growth
(Ledig 1983 lists 24 papers): A few papers give sufficient information to allow
estimates to be made of specific root activity in relation to nutrient supply,
elemental composition and root/shoot partitioning. Two examples are given
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FIGURE4. Models of root/shoot interactions in plants, and their predictions.
A. Whole-plant view of Davidson (1469), modified by Thornley (1977) and Charles-
Edwards (1982).
B. Resistance-utilization model (balanced vers'on) of Thornley (1977).
C. Storage-pool model of Reynolds and Thornley (1982).
in Figure 5. In both instances, specific root activity (aR), percentage N content
of the tissues, and partitioning to shoots increased with increase in N supply.
Also, the form of the relationships between aR and the proportion of dry
matter partitioned to roots and shoots was similar to that expressed in equation
(2) (Fig. 4A). Furthermore, Ingestad's experiments showed that birch seed-
lings adapted rapidly to changes in rate of N supply so that tissue concentra-
tions of N and growth rates were balanced in the manner predicted by
Thornley's models. Also, it should be noted that increased N supply increased
the proportion of dry matter partitioned to stems (Fig. 5B).
In the past, explanations for increased above-ground dry matter production
in trees in response to improved nutrition have been sought mainly in terms
of increased foliage biomass and/or photosynthetic rates. But, bearing in mind
the high carbon cost of fine roots, more researchers are realizing that greater
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FIGURE 5. Effects of differences in N level or supply rate on the specific root activity,
the percentage N in plant dry matter, and the proportion of dry matter in plant parts.
A.  Loliummuluflonan grown in sand culture with different nominal levels of N provided
in watering solutions (Charles-Edwards 1982).
B.  Betula verrucosa seedlings grown with their roots in a nutrient mist, supplying
N at different rates according to demand for 80 days, maintaining constant N
concentrations in the tissues (Ingested & Lund 1979; Ingested 1979).
weight must be given to the effect of improved nutrition on root/shoot
partitioning (Linder & Rook 1984).
Maggs (1961) showed that N nutrition of young pot-grown apple trees
increased the total annual dry matter production per tree by only 1.3%, but
it altered root/shoot partitioning so as to increase above-ground dry matter
production by 5.9% (Fig. 6A). More dramatically, Keyes and Grier (1981),
working on 40-year-old stands of Pseudotsuga menziesiiin Washington State,
showed that trees growing in a fertile soil produced only about 17% more
total dry matter per hectare per year than similar trees growing in an infertile
soil, but the former were producing about 88% more dry matter above-
ground, largely owing to decreased fine root turnover (Fig. 6B).
However, the best data on the effects of improved nutrition on assimilate
partitioning in trees were reported by Linder and Axelsson (1982), who
supplied a complete nutrient solution, daily from mid-May to mid-September
for six years, to plots of the Pinus sylvestristrees illustrated in Figure 2A.
Figure 7 shows the measured annual carbon budget of the trees at age 20
compared with untreated controls. The treated trees were over twice as large
in dry biomass as the untreated trees, and were fixing over twice as much dry
matter per year (22.24 compared with 11.60 t ha-'yr-', with leaf area index
3.0 compared with 1.4). Most importantly, the treated trees partitioned only
about 31% of their assimilates to roots, compared with 59% in the untreated
trees — representing a similar dry weight of 6.9 t in both cases. Fine
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FIGURE 6. Effects of nutrition on the annual production and distribution of dry
matter in. trees.
A. Two-year-old apple trees grown in pots outside at East Malting, Kent, England,
in a low-N compost; the high-N treatment received2g tree-I of ammonium nitrate
every two weeks during the growing season (Maggs 1961).
B Forty-year-old stands of l'seudotsuga rnenziesiiin Washington State, USA, growing
either in infertile loam-sand, low in N, and with a low base saturation, or in fertile
colluvial soil, with 33% base saturation (Keyes & Grier 1981). Fine root increments
were estimated by soil corc sampling and root observations through underground
windows.
root turnover, derived as the residual term needed to balance the budgets,
was only 2-48 t ha-lyr on the treated trees compared with 4-00 t ha-1yr-1 on
the untreated trees. In consequence, improved nutrition greatly increased
partitioning to foliage (from 12% to 20%) and to wood (28% to 49%) and
increased the proportion of assimilates used in stem growth from 8% to.14%.
If we look again at the dry matter increment budgets for the three conifer
plantations given in Figure 3B, C and D, we find that the stands that
produced most above-ground and total dry matter (B = 35-2 t 1, C =
30-6 t ha-1yr', I) = 18-0 t ha-1yr-') also partitioned least to roots (B = 24%,
C = 42%, D = 66%). It is tempting to suggest hat one of the factors involved
was a difference in soil fertility, although differences also existed in age,
species and water relations.
In conclusion, there is growing evidence that decreased partitioning to fine
roots is one of the most important mechanisms by which improved nutrition
increases above-ground dry matter production. This fact could not have been
appreciated in tree nutrition studies that did not include estimates of fine root
turnover (eg Brix & Ebell 1969; Miller & Miller 1976).
C. Effects of water stress and shade
Root/shoot models predict that a drought-induced decrease in root-specific
activity with respect to water uptake would increase root relative to shoot
growth. Gales (1979) found 19 papers which reported this predicted effect,
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FIGURE 7. Current annual dry matter budgets of 20-year-old  Anus rylvesnis  trees,
A untreated, and B supplied for 6 years with a complete nutrient solution from mid-
May to mid-September representing 3mm of water per day. The trees were in the
same location as those illustrated in Fig. 2A, at age 14. Squares: biomass (t ha- ');
circles: fluxes (tha- 'yr- '). The areas of the squares and circles are proportional to the
values. These values can be converted to kg Cha-'yr-', as given by Linder and
Axelsson (1982), by multiplying by 500.
and nine which did not. It appeared that, where levels of soil nutrients were
low (especially P), drought could exacerbate nutrient deficiency as well as
induce water stress, and the net effect was increased or unchanga root/shoot
relative growth rates. However, when P levels were high, water stress generally
increased the root/shoot ratio, and indeed it is often recommended practice
to withhold irrigation to promote deep rooting when establishing tropical trees
in drought-prone areas. Conversely, if irrigation can be maintained throughout
the year, this may decrease the carbon demand of the roots, and, like nutrition,
increase above-ground dry matter production (Evans 1980).
Numerous shading experiments have shown that the resulting decrease in
shoot-specific activity (net photosynthetic rate) is accompanied by greater
partitioning to the shoots (sce Ledig 1983). Where this effect has not been
found, the results can often be explained by confounding with nutrient levels,
water stress or ontogenetic drifts in root/shoot relative growth rates. Increased
shoot growth in shade argues in favour of growing shoot- or leaf-yielding
plants such as forage crops, spinach or tea in the understorey of agroforests
(Cannell 1983). One may also speculate that high levels of solar radiation and
seasonal droughts in the tropics would favour higher root/shoot relative growth
rates than in temperate regions. Cripps (1971) noted that the root/shoot ratios
of young apple trees in Western Australia were about 1: I , whereas similar
trees in England had root/shoot ratios of about 1:2. He suggested that this
was why reduced shoot growth and early cropping occurred naturally in
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Western Australia, but has to be induced by using dwarfing rootstocks or
chemicals in England.
D. Effects of pruning
Shoot pruning temporarily checks root growth, whileroot pruning temporarily
checks shoot growth. As would be predicted using Thorn ley's models, the
more is pruned off, the greater is the check in growth, and the longer it takes
for the plants to recover the root/shoot relationship that existed before pruning
(beans, Brouwer 1962; apple, Maggs 1965; orange, Alexander & Maggs 1971;
peach, Richards & Rowe 1977). Thus, shoot pruning is a means of promoting
new shoot growth (eg when stimulating a 'pruning response'), and root
pruning is a means of promoting new root growth (eg when undercutting
nursery seedlings).
E. Seasonal and plant factors
In trees, the functional balance between roots and shoots is normally perturbed
by changes in the environment, and by periodicity in the activity of the shoot
mcristems. In temperate regions, assimilates are usually used preferentially
by the shoots during elongation or 'flushing' in spring or early summer, and
preferentially by the roots in autumn (Fig. 8A; Cannel! & Willett 1976;
McLaughlin et al. 1979; Isebrands & Nelson 1983). Work on conifer seedlings
showed that, over a succession of seasons, the root/shoot relationship remained
in balance, but within any season the trees developed a relatively high root/
shoot ratio in the autumn, which was restored to equilibrium when shoot
elongation occurred the following spring (Cannell & Willett 1976). Further-
more, the shorter the period of shoot elongation, the greater the root/shoot
ratio each autumn (Fig. 8A comparing Oregon and Alaskan provenances). In
tropical regions, we would expect assimilates to be used preferentially by the
shoots during periods of rapid shoot growth at the start of (or during) each
rainy season, and preferentially by the roots during dry and/or cool seasons,
as is roughly the case for coffee in Kenya (Fig. 8B). There are, of course,
numerous variations on the two partitioning patterns shown in Figure 8, and
neither describes the movement of storage carbohydrates.
Tree shoot growth is often intermittent, even in constant environments. In
seedlings of temperate-zone pines and oaks, intermittent shoot growth is often
paralleled by equal and opposite fluctuations in root growth (eg pines, Drew &
Ledig 1980; Drew 1982; oaks, Reich et al.'1980). Similar fluctuations may
also occur in tropical trees with periodic shoot growth. Alternatively, Borchert
(1973, 1976) suggested that root growth may be constant, but that rapid shoot
growth periodically outstrips the ability of the roots to supply the shoots with
water, thereby inducing water stress, checking leaf expansion, and producing
intermittent shoot elongation.
Whatever the mechanism, endogenously or environmentally induced per-
turbations in rooUshoot relationships seem eventually to be restored by
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FIGURE 8.  Seasonal changes in the distribution of dry matter in trees.
A.  Picea  sitchensis seedlings of Denmark, Oregon (42°51'N) and Cordova, Alaska
(60°30'N) provenance, during their second year, growing in pots in a nursery at
Bush,.Midlothian, Scotland (Cannell & Willett 1976; from their Fig. 3),
B.  Col/ea arabica  trees, during their fourth year, growing in deep loam at Ruiru,
Kenya. The leaf fraction includes flower buds, but there were no fruits because the
trees were dcblossomed (Cannell 1971). Note that this figure shows the distribution
of increment, whereas A shows the distribution of  biomass.
feedback mechanisms as predicted in root/shoot models. When examining
root/shoot ratios in trees, it is important to distinguish the long-term equili-
brium from the short-term fluctuations (Cannell & Willett 1976).
To complete this account, attention should be drawn to the genetic differen-
ces in root/shoot balance that exist between and within tree species. Ledig
(1983) suggested that species of early seral stages have smaller rdot/shoot
relative growth rates than those from later sera! stages. There has also been
debate about the optimal root/shoot investment strategy of trees and other
plants in xeric and mcsic habits with regard to survival, growth and the carbon
cost of constructing and maintaining mesophytic and xerophytic leaves (see
Orians & Solbrig 1977; Mooney et al. 1978). Clearly, within-species variation
in root/shoot relationships may offer important opportunities for genetic
advance in yield.
A. Fruits and seeds as priority sinks
Whereas the growth rates of roots and shoots may fluctuate with time, and
may often be below their potential rates, the growth rates of seeds tend to be
constant during the period of endosperm filling (eg cereals, Biscoe & Gallagher
1977; Maninez-Carrasco & Thorne 1979; coffee, Cannell 1974). Within limits,
the final weights of seeds (beans, grains and nuts) are often inherently fixed,
and are less variable than other components of seed or fruit yield (Harper
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1977). Seeds may therefore he described as 'priority sinks', or as having a
large 'sink strength' or 'mobilizing ability' (Wareing & Patrick 1975). More
exactly, they seem to be able to generate and maintain steep gradients in sieve-
tube assimilate concentrations or pressure potentials so as to promote assimilate
flow from distant leaf sources (Gifford & Evans 1981; Thorpe et al. 1983). In
this sense, the fleshy parts of fruits are less competitive sinks, because their
growth rates and final sizes are more affected whcn, for instance, there is a
decrease in leaUfruit ratio (eg coffee, Cannell 1974; apple, Heim et al. 1979).
Seeded fruits can draw assimilates from leaves at least one metre away, so it
is possible to manipulate trees so that the fruits are to some extent physically
separated from the foliage (Parry 1974; Hansen 1977). We may expect that
fruits of different species differ in 'sink strength', depending upon the numbers
and sizes of the seeds they contain, and perhaps on the numbers of cells
developed during their early stages of growth. Golden DeliCious apples seem
to be weaker sinks than Graasten apples, in that their growth rates are lower
at a given leaf/fruit ratio, and they are less able to attract assimilates from
distant leaves (Hansen 1977).
The total assimilate demand per tree of the seeds and fruits depends on
their number. Most mature trees are capable of producing more flowers, in
some years, than they can sustain to fruit maturity. Their strategy is to adjust
fruit numbers to match assimilate and nutrient resources by flower or fruit
abortion. June drop of apples in Europe has counterparts in cherelle wilt of
cacao, abortion of button coconuts, and citrus and coffee fruit drop two to
four months after anthesis. Young fruits often seem, at some stage, to be wcak
sinkscompared with the shoot tips, especially whcn there is environmental
stress (eg Quinlan & Preston 1971). Lloyd (1980) suggested that the optimal
strategy to produce full-sized fruits and seeds was to initiate the maximum
number of flowers that could be supported; then, if future resobrces were
Certain to be limiting, abortion would occur early, whereas if resources . were
less certain to be limiting, or if there was a high risk that fruits would be lost
later on from pests, pathogens or predators, abortion would be delayed In
Arabica coffee, fruit drop rarely occurs after the stage of fruit expansion(before endosperm filling) possibly because, in its native shady habitat, coffee
initiates relatively few flowers, so that it is likely that all can be sustained to
produce full-sized seeds (Cannell 1974). By contrast, mango can drop its fruits
at any time during their development, possibly because such large fruits are
likely to be attacked at any stage by pests, pathogens or predators. It might
be argued that, when fruit or nut trees are brought into cultivation, we increase
the certainty of resources being adequate to sustain fruit and seed growth,
and so we need to decrease the trees' susceptibility to flower or fruit abortion.
Conversely, if the trees-bearirregularly in nature, and we manage them to
bear fruits every year, some propensity for flower or fruit abortion might be
desirable.
Oil palm is an interesting special case, in which the single, large vegetative
apex seems to take precedence over the fruit bunches for carbohydrates and
nutrients. Defoliation decreases fruit production by increasing abortion of
young inflorescences or by restricting fruit growth, but it rarely decreases the
growth rate of the vegetative growing points (Corley 1973).
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So far, I have assumed that carbon is the resource limiting fruit and seed
growth, but very often it is a mineral element (Harper 1977; Thompson &
Stewart 1981; Swank  et al.  1982). The mineral content of seeds is four to
seven times greater than that of wood. In Arabica coffee in Kenya, the flower
buds alone took nearly 40% of the total P uptake of the trees during a dry
season and, during an 87-day period, the fruits on heavily fruiting trees took
89%, 95%, 98% and 99% of the total tree uptake of Mg, K, N and P,
respectively, compared with 72% of the dry matter (Cannell 1971; Cannell &
Kimeu 1971).
B. Effects of fruits on partitioning
In forest trees, it might be argued that fruiting has little effect on vegetative
growth because (a)  the reproductive parts represent a relatively small propor-
tion of the total above-ground dry matter increment (Fig. IC); (b) green fruits
photosynthesize and refix respiratory CO2, and (c) fruiting often enhances
leaf photosynthesis. However, there is ample evidence that cone and seed
production can reduce wood and/or foliige production (conifers, Danilow
1953; Eis  et al.  1965; broadleaves, Harper 1977; Tuomi  et al.  1982).
The production of 75 cones tree- lyr7' on the 14-year-old Pinus sylvestris
trees illustrated in Figure 2A would represent 6% of the annual photosynthetic
production (Linder & Troeng 1981). In 120-year-old P. sylvestris stands in
Sweden, cone production of 0.21 t ha- 'yr-' dry weight, with an additional
estimated respiratory cost equal to 50% of the cone dry weight, was estimated
to represent 10-15% of the carbon cost of stemwood production (Linder &
Troeng 1981). Earlier, Fielding (1960) reached a similar conclusion for  Pinus
radiata  in Australia, but ignoring respiratory costs; over a 40-year rotation,
trees produced about 1.1 t ha- lyr- of cones and pollen, which was equivalent
to about 3-0 m3ha-lyr-3 of stemwood, or 16% of the mean annual increment
on medium-quality sites. In both the  P. sylvestris and  P. radiata  studies, the
mineral nutrient cost of cone production might well have been 40-50% of the
mineral cost of stemwood production (Matthews 1963).
Clearly, the carbon and mineral costs of fruiting will not be solely at the
expense of wood production, but, even so, selection for non-fruiting forest
trees could enhance stemwood production by several per cent. Conversely,
inadvertent selection by tree breeders for enhanced fruiting at maturity might
cancel out a significant proportion of the genetic gain observed within juvenile
progeny tests.
In dioecious species (eg  Populus spp. and  Fraxinus excelsior), it has been
suggested that niale trees grow faster than females, because they carry a
smaller reproductive burden (Matthews 1963; Harper 1977), and this is often
the case if the females have a consistently large percentage fruit set (Grant &
Mitton 1979). However, in other cases, the males may grow slower than
the females, because the expenditure on male reproductive structures is
concentrated in the spring and so reduces or delays foliage development
(Gross & Soule 1981).
In fruit trees, the heavy demands of the fruits greatly distort the pattern of
carbon partitioning among vegetative pans, including the root/shoot balance.
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FIGURE 9.  Partitioning of dry matter in fruit trees.
A. Apple (Golden Delicious), 3-4 years old, growing in pots in England and France
(Heim et al.  1979).
B.-Peach (Golden Queen), 4-15 years old, growing in Australia (Chalmers & Endc
1975).
C: CitrUS madurcasis  (lxnz  1979).
D.  Coffea arabica,  4 years old, growing in Kenya (Cannel!  1971.):
Studies on apple, peach and coffee have all shown that root growth suffers
most (Fig. 9, also Maggs 1963; Avery 1970; Hansen 1971a). In England,
relatively light crops of fruits greatly reduce new root growth on apple trees
during July to October (I kad 1969). The explanation usually given is that
the roots are furthest from the leaves, and that over such long distances there
is a path resistance to assimilate movement (Heim et al. 1979), although the
resistance to assimilate flow in both angiosperm and gymnosperm phloem is
very low (Watson 1980). An alternative explanation is that the root apices are
inherently 'weak' sinks compared with the shoot apices, but there is no
evidence for this in the vegetative plant (Warren-Wilson 1972). Stem and
branch growth is less restricted by fruiting than root growth, and, in apple
and peach, the proportion of the total dry matter increment taken by leaves
is relatively constant, irrespective of fruiting level (Fig. 9). Fruiting, therefore,
reveals an order of priority among the carbon sinks which may be expressed
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as differences in their growth rates at different leaf/fruit ratios; the order
is usually seeds>fleshy fruit pans = shoot apices and leaves>cambium>
roots>storage. If true, this will also be the sequence in which vegetative parts
arc first affected by fruiting; that is, assimilates will be withdrawn from storage
first, then withheld from roots, and so on.
If fruiting greatly decreases the mass of fine roots, WR, relative to the foliage
mass, Ws, and equation (2) is to hold, then there must be a corresponding
increase in specific root activity, oR,or a decrease in plant elemental composi-
tion,j, (There is ample evidence thatasdoes not decrease.) Studies on apple
(Hansen 1971a, b), coffee (Cannell & Kimeu 1971), and tomato (Richardset
al. 1979) have shown that, at moderate fruiting levels, the main change in
TABLE lI Rate of uptake of nutrients per unit of root dry weight (mg rharvest
interval-1) in 4-year-old Golden Delicious apple and Arabica coffee trees, expressed
as a percentage of that in non-fruiting trees
' Derived from Hansen (197Ia and b), for the period of one year, assuming the fruiting
and non-fruiting trees had an average of 1,000g and 350g roots tree' respectively
during the year. The fruits took 53% of the total dry matter increment. The trees
were grown in containers outdoors in Denmark.
2 From Canna (1971) and Cannell and Kimeu (1974) for an 82-day period. Root
weight included only those roots <1 mm diameter. The fruits took 29% of the total
dry weight increment. The trees were growing in a plantation in Kenya.
3 As for 2, for an 87-day period during which the fruits took 72% of the total dry
matter increment.
equation (2) is a large increase in oR(Table II). In tomato, the overall plant
fm, including fruits, remains relatively constant, while in apple and coffee,
fruiting trees can have higher concentrations of some nutrients (eg Ca) in their
leaves than non-fruiting trees (Hansen 197 lb; Cannell & Kimeu 1971).
However, at very high fruiting levels, ciR values in coffee can fall below those
in non-fruiting trees (Table II), associated with almost zero root growth and
'dieback' of the shoots. Thus, 'overbearing dieback' may be due more to the
high demand of the fruits for mineral nutrients, combined with the distance
of the roots from assimilate sources, rather than to direct diversion of assimi-
lates from shoots to fruits.
VI. ABOVE-GROUND VEGETATIVE PARTS
A. Effect of harvesting vegetative parts
Whereas the removal of fruits from treesincreasesvegetative growth and the
potential to produce future fruit yield, the removal of vegetative parts such as
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foliage, fuelwood or extractives decreases vegetative growth and the potential
to produce future vegetative yield. Thus, in tea, the plucking of young shoots,
representing only 8.3% of the total annual dry matter production, decreased
total dry matter production by 35-7%, compared with unplucked bushes
(Fig. WA). And, in rubber, the removal of latex, representing only 7.2% of
the total annual dry matter production above-ground, decreased total dry
matter production by 29.6%, compared with untapped trees (Fig. 10B). Thus,
the energy cost of vegetative yield is much greater (about 4 times) than the
energy content of the parts that arc harvested.
A. Tea
B. Rubber
FIGURE 10. Effect of removing vegetative yield on the current annual production
and distribution of dry matter in trees (I ha-1yr'). Marginal numbers are percentages.
A. Tea, plucked and unplucked knishes in Kenya (Magimbo Cannell 1981).
B. I etea rubber, tapped and untapped trees in Malaysia, means of six clones (Temple-
ton 1969).
Simmonds (1982) suggested that high-yielding rubber clones might be
selected by looking for clonal differences in the inverse relationship between
the amount .of latex removed and the decrement in total tree dry matter
production (see Raven, this volume). Templeton (1969) had earlier shown
that the removal of latex from rubber had less effect on total dry matter
production in some clones than others. A similar approach could be adopted
in the selection of high-yielding fodder and fuelwood trees.
B. Partitioning between wood and foliage
In Figure l A, it was shown that the proportion of the above-ground dry
matter increment allocated to wood, as opposed to foliage, varied greatly
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among forest stands. Some of this variation will be due to environmental,
management and exploitable genetic variation, although, as discussed below,
we know surprisingly little about how these factors influence wood/foliage
partitioning.
Wood/foliage partitioning is important, partly because it influences wood
yield, but also because it influences the parameters in equation (2). New woody
tissues have a lower nutrient content than foliage, so increased partitioning to
wood decreases the average nutrient content of new dry matter increment (f.
This decreased nutrient demand should lessen the proportion of assimilates
taken by roots (Fig. SA), and increase the amount of new dry matter that can
be produced per unit of nutrient.
Let us consider some of the factors that might influence wood/foliage
partitioning.
I. Variation with  latitude
Jordan (1971) postulated that trees adapted to low light intensities at high
latitudes might devote more carbon to structural tissues, and less to foliage,
than trees adapted to more equatorial conditions. He reasoned that, at low
light intensities, there would be a greater selective pressure to produce
stemwood, in order to overtop competitors, than at high light intensities. In
support of this contention, he reported a decrease in the ratio of annual wood
production to annual litterfall with increase in total possible incident solar
radiation during the growing season, using data for 26 forest stands spanning
cold temperate to tropical regions. In other words, proportionately more
carbon was allocated to wood at high latitudes. This was not clearly the case
among the 28 forest stands studied in the International Biological Programme
(O'Neill & DeAngelis 1981), but the 204 broadleaved forest stands in the
'forest production data set' (Fig. 1; Cannell 1982) showed a significant,
although wcak, positive relationship between the percentage of the current
above-ground dry matter increment allocated to wood and latitude (r = 0.28).
No such relationship existed for the 303 conifer stands, because no values
existed for stands at latitudes less than 31°N or S.
2.  Relationship  with  'vigour'
Several authors have suggested that the cambium has a lesser priority for
assimilates than the fine roots or foliage, so that the proportion of carbon
allocated to wood might increase with increase in net photosynthesis or total
net dry matter production per tree or per hectare (eg Gordon & Larson 1968;
Rangnekar & Forward 1973; Waring  et al.  1980). In support of this argument,
the 'forest production data set' revealed a significant trend towards greater
allocation to wood with increase in total dry matter production, accounting
for 14% and 18% of the variation in percentage allocation to wood among the
204 broadleaved and 303 coniferous stands, respectively (Fig. 11). The
IBP woodland data set revealed a similar trend, expressed by O'Neill and
DeAngelis (1981) as an increase in current annual wood increment per unit
of annual litterfall with increase in total above-ground dry matter production.
Among the studies in the 'forest production data set' there were four in
which current net dry matter production had been estimated for comparable
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FIGURE 11, Percentage of the current annual dry matter increment above-ground
taken by the woody parts (stems and branches, and including cones and fruits) in
stands of conifers and broadleaved forest trees, as a function of their total current
annual above-ground dry matter production.
Data are for forest stands of all types, ages, planting densities, etc, at various sites
throughout the world, from Cannell (1982), as in Fig. IA. Outlying values in the
bottom-right of the graphs probably indicate failure to fully account for woody litterfall
and/or tree mortality.
-forests growing on neighbouring infertile and fertile sites. In all four studies,
a smaller proportion of the above-ground dry matter increment was allocated
to wood on infertile sites than on fertile sites, but only by a few per cent(Table III, average difference5-5%;see also Satoo & Madgwick 1982, their
p. 106). No consistent difference in wood/foliage partitioning existed between
stands with and without fertilizers (Table Ill). The Swedish experiment,
illustrated in Figure 7, on the effects of applying a nutrient solution to mature
Pinus sylvestris, showed only a small effect on wood/foliage partitioning. Thus,
on untreated trees, the 4-74 t yr-' (3-28+ F46)• of above-ground dry
matter increment was partitioned 30-8% to foliage arid 69-2% to wood, whereas
in treated trees the 15.32 t ' yr ' (10.92+4.40)of above-ground dry matter
increment was partitioned 28-7% to foliage and 71-3% to wood (Fig. 7; see
also Waring 1983; Linder & Rook 1984). Further support for slightly increased
partitioning to wood with increase in nutrient supply comes from Ingestad's
studies on  Betula verracosa seedlings illustrated in Figure 5B. However, the
abuhdahtevidende that fertilization increases ring widths, wood production
and wood production Per unit leaf area does not, of itself, provide any
information on wood/foliage partitioning (cf Waring 1980).
Overall, the evidence strongly supports the conclusions that foliage and
woed production are closely coupled, and that any effects of fertilization on
increasing wood/foliage Partitioning are much less important than its effects
on increasing shoot/root partitioning.
3.  Effect of tree age and size
Within the `forest production data set', stand age accounted for only 6% and
3% of the variation in percentage of current net above-ground dry matter
increment partitioned to wood in broadleaved and coniferous forest stands,
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respectively. Closer examination of particular studies showed that partitioning
to wood was usually constant, or declined, with age after canopy closure, but
in some studies there was an increase in partitioning to wood during the years
before canopy closure (Fig. 12). It is tempting to conclude that, in young
trees, the proportion of dry matter taken by the cambium is limited by the
size of the cambial sink. If this is so, then the greatest H.Incr. of wood will
be obtained when the trees are allowed to grow moderately tall. There is some
suggestion of this in the literature on mini-rotation forestry (Cannell & Smith
1980; Heilman & Peabody 1981). Conversely, the greatest H incr. of foliage
will be obtained when the trees are kept small, by pruning or coppicing, and
2
0 10 20 30 40 50
4
0 10 20 30 40 50
6a 6b
tts3
_
6c
5 100 5 105 10 15
Stand age years)
FIGURE 12. Age trends in the percentage di tribution of annual above-ground dry
matter increment in coniferous forest stands (including litterfall). F = foliage;
B = branches and cones; S = stems.
I. Pinta densiftora,Japan (quoted by Satoo & Madgwick 1982),
2. Pinus rykestris, England (Ovington 1957).
3. Oypwmena japonica, Japan, Obi, at wide spacings (435 trees hr at age 45) (Ando
et a). 1968, see Cannell 1982).
4. As above, at close spacings (1,557 trees hr' at age 45).
5. Pseudotsuga mentiesii, Washington, USA; averages have been taken of duplicate
estimates for ages 30 and 42 years (Turner & Long 1975).
6. Pinus radiata. (a) Closely planted in New Zealand (Madgwick 1981); (b) New
Zealand (Madgwick et al. 1977); (c) Australia (Forrest & Ovington 1970).
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there is some evidence for this in the study on plucked and unplucked tea
bushes (Fig. WA).
However, in most forests, the size of the cambial sink, expressed as stem
surface area, cannot be said to be limiting wood production, or partitioning
to wood, for most of the rotation. This fact is self-evident when one realizes
that the annual activity of the cambium, in terms of wood volume produced
per unit surface area of cambium, is manifestly equal to the width of an annual
ring (Duff & Nolan 1957), and, as forests increase in size beyond canopy
closure, stem surface area (cambial sink size) increases, while mean ring width
(cambial sink activity) decreases. At their maximum, mean ring widths in
unthinned stands are below their potential value, as shown by the increase in
ring width when forests are thinned. Even in thinned forests, which may have
an almost constant stem surface area, there is a decrease in mean ring width
with increase in tree size.
4. Other factors
Many factors affect cambial activity, as expressed in mean annual ring widths
and variation in ring widths along tree boles, but, on this evidence alone, it
cannot be said that these factors affect dry matter partitioning. Thus, improved
nutrition greatly increases ring widths, but, as we have seen, it may have only
a small effect on wood/foliage partitioning. Similarly, thinning increases ring
widths, but this increase occurs overwhelmingly because the total dry matter
partitioned to wood within the stand is spread over a smaller cambial surface
area, without necessarily any change in assimilate partitioning. This point
may be illustrated by plotting mean ring widths against total cambial surface
area for stands subjected to different degrees of thinning. There is invariably
a strong inverse relationship, and, when one considers that there are accom-
panying changes in stem/branch ratio and mean wood density, it is impossible
to conclude from any non-linearity in the relationship that thinning has any
effect on wood/foliage partitioning (Hamilton 1976).
Mitchell (1975) was able to model the volume growth of thinned and
unthinned forest stands on the assumption that the total wood increment of
each tree was a simple function of its foliar volume. Furthermore, changes in
ring width and stem basal area could be simulated on the assumption that the
annual wood increment was disposed along each bole so as to maintain a
constant cross-sectional area increment from the base of the crown to ground
level (Pressler's Law, Larson 1963). Inevitably, ring widths decreased(a)
from the base of the crown to ground level, with increase in bole circumference,
(b) with increase in tree size, and (c) with decrease in crown size, as shown
in other studies (Larson 1963; Denne 1979). In other words, variation in ring
widths (cambial activity) results from geometrical factors and differences in
assimilate supply, and against this background it is difficult to detect effects
of management or the environment on the 'sink-strength' of the cambium
itself.
Mechanical stress, in the form of bending, wind sway or stem rubbing, is
known to stimulate cambial activity, and these treatments can alter the
disposition of cambial activity around the bole, and can increase the ratio of
radial/height growth. Several studies have shown that total plant dry matter
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production is decreased, but there seems to be no quantitative evidence for a
change in dry matter partitioning (Jacobs 1954; Larson 1965; Jaffe 1976;
Mitchell  et al.  1977; Rees & Grace 1980; and see Pressman et al.  1983).
C. Partitioning between stems and branches
Numerous estimates have been made of the proportion of stems to branches
in the standing woody biomass of forests, but relatively few estimates have
been made of the distribution of current net dry matter increment, much less
of the allocation of carbon, between stems and branches. Within the 'foresi
production data set', there were only 44 broadleaved and 47  coniferous stands
in which reasonable estimates had been made of branch increments and woody
litterfall from stems and branches. Whereas the stems formed, on average,
about 79% of the above-ground woody biomass, they took only 57% and
68% of the current above-ground woody increment in the broadleaved and
TABLE IV. Distribution of (a) above-ground woody increment and (b) above-ground
standing woody biomass.in broadleaved and coniferous forest stands
44 broadleaved 47 coniferous
foreits forests
(%± SD) (%± SD)
!guns of all stands in Cannell (1982) for which estimates existed for woody biomass, Increment
and litterfall, partitioned to stems and branches. The woody biomass and stent biomass values
Include bark.,.
coniferous stands, respectively (Table IV; cf Fig. I which gives percentages
of the total increment including foliage). However, the estimates of woody
litterfall were highly variable, and no significant relationship could be found
between the percentage of above-ground woody increment taken by stems
and stand age, basal area, height, or total wood increment per hectare.
The carbon budget of Linder and Axelsson (1982) for 20-year-old Pinus
sylvestris in Sweden (Fig. 7) suggested that the stems (excluding the branches)
took only about 40% of the net, and about 28% of the gross (including
respiration) carbon allocated to -above-ground woody pans, irrespective of
treatment. (Stems on untreated and treated trees increased by 0-88 and
3 -16 t ha yr-1, respectively.)
It is often assumed that, because inter-tree competition suppresses branch
growth, there is a corresponding increase in carbon partitioning to stems.
However, the evidence for this fact in widely spaced or conventionally thinned
forest stands is rather weak (see age trends in Fig. 12). The clearest evidence
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comes from studies on very closely planted stands. Thus, in studies on closely
spaced poplars, it was shown that the proportion of above-ground woody
increment taken by stems increased with increasing population density, and
this proportion increased with increasing inter-tree competition from the first
a9
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122
c Aged 2 yen
.
.
.2 8 •
+ •
E •
IA
a) 7  saeri..../
c
••
•
Age:I I yeas
•
a.) • :E 6 , • •
92
u
,c
E
a) 5 10 25 50 80
Thousands of trees ha-I
FIGURE 13. Percentageof the net above-ground woody biomass increment allocated
to stems (as opposed to branches) in Populus trichocarpagrown at a range of close
spacings (Cannell 1980).
to the second year of growth (Fig. 13). Satoo and Madgwick (1982) reported
increased partitioning to stems in stands of  Pinus  dettsifiora with over 2,500
stems ha-1, and Madgwick (1981) found that more dry matter was allocated
to stems in  Pinus radiala  planted with over 6,000 trees ha', compared with
stands at wider spacing (2,500 trees ha', Madgwick  et al.  1977; 1,500 trees
ha', Forrest & Ovingion 1970; see Fig. 12).
Genetic differences in branchiness are well known, and there are now
several studies in which they have been quantified in terms of the proportion
of stem- to branchwood in the standing biomass.- In young or small trees,
which have not yet shed branches, these proportions may satisfactorily reflect
differences in dry matter partitioning (Fig. I4A), but in larger trees these
proportions may be confounded with differences in branch retention (Fig.
14B).. Nevertheless, there are clearly very large differences in stem/branch
partitioning within species, which could be exploited to greatly increase
stemwood production per unit of foliage on young trees (Cannell  et a).  1984;
Ford, Karki & Tigerstedt, and Dickmann, this volume).
VII. CONCLUSIONS
•
The purpose of this review was to highlight the opportunities to increase tree
crop yields by altering dry matter partitioning. In trees yielding vegetative
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FIGURE  14. Genetic variation within pine species in the proportion of standing woody
biomass in the stems (with bark), expressed as a percentage of the total above-ground
woody biomass (stems and branches with bark).
• l'icea sitclzensis clones, aged 8 (Cannell  et aL  1984).
•  l'inus contorta  clones, aged  8  (Cannel]  et al.  1984).
0  Pinus virginiona  half-sib families, aged 8 (Matthews  et al.  1975).
•
Pinus tacda  half-sib families, aged 14 (van Buijtenen 1979).
fl  Pinus elhotti  clones, aged 7-11 (van Buijtenen 1979).
products, the main opportunities seem to be to increase (a) the proportion of
dry matter defined as yield, (b) the long-term foliage/fine root equilibrium,
by altering the parameters in Equation 2, and (c) stem/branch partitioning in
timber trees. There would seem to be less opportunity to substantially alter
wood/foliage partitioning, although we know very little about what controls
this, or how to lessen the high cost of the removal of vegetative pans. kn fruit
trees which are capable of a high fruit set every year, yields seem to be limited
ultimately by root growth and nutrient supply.
It became clear, while writing this review, that our thinking on partitioning
in tree crops could be very misleading if it is renricted to the ideas of harvest
index and harvest increment of above-ground parts. In both management and
genetic studies, we need more information on the total integrated carbon and
nutrient budgets of whole trees over time.
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FOREST PRODUCTIVITY IN RELATION TO
CARBON PARTITIONING AND NUTRIENT
CYCLING: A MATHEMATICAL MODEL
R. E. McMURTRIE
CSIRO, Division of Forest Research, Canberra, Australia
I. INTRODUCTION
In several recent studies, large differences in partitioning to above- versus
below-ground production have been observed for forests on highly productive
versus poorly productive sites (Miller & Miller 1976; Keyes & Grier 1981;
Linder & Axelsson 1982). Keyes and -Grier (1981), studying a 40-year-old
Pseudotsuga menziesiiforest in Oregon, contrasted stands with annual above-
ground net primary production of 13.7 and 7.3 t ha-1 and annual below-
ground net primary productions of 4.1 and 8.1 t ha- 1, resnectively. The
difference in total net primary production between the two stands was small
(2.4 t ha-1 yr-'); but partitioning to roots on the poor site represented 53% of
dry matter production compared to 23% on the highly productive site. Similar
trends were observed by Linder and Axelsson (1982), who compared the
growth of an irrigated/fertilized plot and a controlplot of 20-year-old Pinus
sylvestris(see Cannell's Fig. 7, this volume).
These results suggest that substantial gains in.forest productivity might be
achieved if it were possible to manipulate partitioning of biomass, and that
one of the key factors influencing partitioning is forest nutrition. What is
needed is a synthesis of our knowledge of how the nutrient staius of soils
affects tree nutritiOn, productivity and partitioning. Such a synthesis would
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shed light on the relationship between management practices and forest
productivity, including questions of when to fertilize, how much to apply,
when to thin, how to preserve site fertility, what is appropriate management
practice following harvest, and which species or family within a given species
is best suited to a particular site.
In this paper, a relatively simple dynamic model of the growth and nutrient
cycling of evergreen forests is constructed to explore the relationship between
nutrient cycling and carbon partitioning. In Section II, which describes the
carbon budget and partitioning model, I estimate the upper limit to produc-
tivity for a given environment, and determine how partitioning of biomass
will change with age in a forest which maximizes productivity. This optimal
partitioning strategy predicted by the model is compared with data on parti-
tioning in forest stands.
In Section III, the model is extended to consider how nutrient cycling
affects growth. I explore how partitioning of biomass to roots versus tops
determines whether growth is nutrient-limited or assimilate-limited, and I
estimate the upper limit to productivity for a given environment, by asking
what partitioning strategy will maximize productivity.
II. FOREST PRODUCTIVITY VERSUS CARBON
ALLOCATION
A. The carbon balance model
McMurtrie and Wolf (1983) describe a simple dynamic model of assimilate
production and allocation in forest stands. Following Charles-Edwards (1981,
1982), they calculate assimilate production from radiation interception by the
forest canopy. According to the Lambert-Beer's law (Monsi & Saeki 1953),
the fraction of incident radiant energy intercepted by the canopy is
(1 —exp(—kL*) where k is a canopy light extinction coefficient andL* is the
leaf area index. Here V = (crovF/10) where OF is specific leaf area (m2 kg- ')
and viti: is the dry weight of foliage (t ha- '). The factor of 10 enters because
of the units chosen for WF and CF. The assimilation rate (A) can then be
expressed as:
A = Ao (1— exp(— k L*) (1)
where Ao represents the assimilation rate attainable by the canopy when all
incident photosynthetically active radiation is absorbed. Dark respiration by
foliage is implicit in equation (I), which treats assimilation as a net process.
The equation effectively assumes that canopy respiration is proportional to
canopy photosynthesis (McCree & Troughton 1966; McCree 1970). This
approach is supported by evidence from agriculture (Gallagher & Biscoe 1978;
Monteith 1977) and forestry. (Cromer et al. 1983; Linder 1985) of a linear
relationship between biomass production and radiation interception. In prac-
tice, Ao and the other model parameters vary seasonally and fluctuate with
weather conditions. However, for the purposes of the current analysis, we
assume that Ao is constant. Let qt(t), go(t) and tio(t) denote the fractions of
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assimilate partitioned to the production of foliage, fine root and wood (includ-
ing boles, branches and coarse roots), respectively. The partitioning coeffici-
ents can vary with time, t. McMurtrie and Wolf (1983) assume that fractions
YF and  yn  of foliage and stem biomass are lost annually through litterfall and
tree mortality, respectively. I assume that both the rate of consumption of
assimilate in the maintenance of respiring fine root tissue, and the rate of fine
root mortality are proportional to the dry weight of fine roots, WA. Let  yn
represent the rate of loss of root dry weight in respiration and mortality to
obtain a model of the form:
dtvF
dt
dwR
dt
-
71141)VA—YRwo
d
— rfr(t) Y A—yFwF
 (2a)
(2b)
dt — In(t) A —ynIVB—Rig  (2c)•
where wR represents the dry weight of stemwood, where the parameter Y
represents the efficiency of conversion of assimilate to tissue dry weight, and
where RH represents the rate of stem respiration.
The pattern of stand growth generated by this model, illustrated in Figure
1A, is qualitatively consistent with that described by Albrektson (1980) and
Connell (1978). Both  wf  and iwnapproach asymptotic weights (corresponding
to canopy closure), while wR increases steadily. Simulations are illustrated
both for a poor quality site, where it is assumed that the annual dry matter
-production is partitioned between foliage, wood and fine roots in the ratios
20 :20 :60, and for a good quality site in which the equivalent partitioning
ratios are 30:30:40  (IF:rin:TIR).  Figure 1B summarizes the annual carbon
budgct at age 40 for the two stands.
Such a difference in partitioning results in a 50% increase in net annual
wood production after canopy closure (2.0 to 3-0 t yr ' at age 40, Fig.
18). It is interesting that this occurs without any increase in total carbon
fixation, and without any increase in harvest increment, which is about 25%
at both sites, eg 2.01(2.0+1-3+4-8) at the poor quality site. (See ('onnell, this
volume, for a definition of harvest increment.) Note that equal proportions
of the net dry matter production are partitioned to foliage and wood at both
sites (20:20 or 30:30). The greatly increased rate of wood production at the
good quality site results mainly from a 36% decrease in the amount of dry
matter going to the roots, and a 44% increase in the asymptotic foliage biomass
(Fig. 1).
B. The upper limit to above-ground productivity
The simple model (equations 2a,b,c) is a useful tool for exploring how the
fundamental growth processes interconnect to determine forest productivity.
The model can be used to derive the partitioning strategy which will maximize
A Poor quality site Good quality site
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FIGURE I. Simulated pattern of growth of a coniferous forest on good and poor
quality sites (from McMurtrie & Wolf 1983).
A. Predicted changes with time in the biomass and annual production of foliage, fine
roots, and wood (stems, branches and coarse roots).
B. Predicted dry matter budgets at the two sites at age 40. Squares: biomass (t hr ');
circles: flux (t hr ' yr-'). The areas of the squares and circles are proportional to
the values. The small boxes in the wood biomass square give the annual net
increment of wood (2 or 3 t ha-1yr').
The parameter values for the model are given by McMurtrie and Wolf (1983) in their
Figures I and 3. The only difference in parameter values between sites is the
partitioning coefficients to foliage, wood and fine roots ('p:, qBand Pm ), which are
30:30:40 for the good site, and 20:20:60 for the poor site. These theoretical budgets
may be compared with actual budgets, presented in the same form by Cannell (this
volume).
net carbon gain, and hence to determine the upper limit to productivity for a
given set of parameter values. Using optimal control theory, McMurtrie (1985)
uses a similar model to assesshow partitioning will change dynamically in a
stand which maximizes net above-ground carbon gain. What emerges is that
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the `best' partitioning strategy (which maximizes net above-ground production
integrated over time) is to allocate a high proportion of assimilate to foliage
production prior to canopy closure (effectively, to reach canopy closure as
quickly as possible), and then to reduce  IF  to a constant value which maintains
the canopy at its optimal leaf area, corresponding to maximum net above-
ground productivity at canopy closure. The extra assimilate made available
after canopy closure will then be distributed primarily to stems. This result
is consistent with the work of Beets (1982), whose data suggest that  l'inus
radiata  partitioning coefficients do alter in this way at canopy closure.
The concept of an optimal leaf area has been discussed widely in agriculture
(eg Donald 1%1; Harper 1977; McCree & Troughton 1966; Robson 1973).
At leaf area index values beyond the optimum, the costs of investment in
additional leaf biomass are higher than the returns in terms of extra production.
This fact is illustrated in Figure 2 by graphing the net above-ground rate of
production,
Pr = (1 YA — (3)
as a function of the leaf area index, V, for one set of parameter values, with
In  constant over time. I lere I have set stem respiration, RR, and wood losses,
yu =  0, which will be reasonable assumptions for young stands, where stem
respiration is not a major sink for carbon and where tree mortality is low. The
value of  L*  corresponding to maximum net above-grouqd productivity is 4.6
when 17R = 0.5, and 5.5 when  FIR =  0.2. The difference between the maximum
rates of net above-ground productivity (10.0 versus 18.3 t hr ' yr ') is much
more pronounced than the difference in  L.*  values. The value of  L*  at this
optimum (1..") can be derived analytically for the above model:
= (Ina —Infi)/k (4)
where a = (1  —nR)A,Y  and  fi = »Oar).  The relationship between optimal
Viand  k  predicted by equation (4) is consistent with the correlations reported
by Kawanabe and Okubo (1978) for several species of grass. For the closed
canopy' to be maintained at the optimum V°, a fixed proportion  rp.•° of
assimilate must be partitioned to foliage production:
= (1— qn)(Ina — lnfi)/(4— 1) (5)
and the net rate of above-ground production at the optinium is:
Pr° =  a—fi(I +Ina-1;6). (6)
For given values of  nu, A0, k, al:  and yp, equation (6) predicts the maximum
possible net rate of above-ground production at canopy closure. Note that, at
canopy closure, the net rate of above-ground production (3) and the rate of
stem production are equivalent because foliage mass is constant. Equation (6)
could be used to assess the potential for increasing stand productivity by
'selecting for trees with particular physiological characteristics, such as leaf
angle (which affects the value of  k)  and OF (Linder 1985).
Whether optimal leaf area indices actually occur in the real world has been
a controversial topic in the botanical literature. The theory of optimal V was
posed 1:6/Donald (1961). Experimental evidence for the existence of optimal
l'1 define canopy closure as occurring when the root and foliage biomasscs,WRand svF, have
achieved a steady state -  not when radiation interception is 100%.
two values of the partitioning coefficient to fine roots, if.. "1-he maximum net above-
ground production rate occurs
A. at I." = 5.5 when rui = 0-2, and 1
B. at L*0 = 4.6 when rm = 0.5
The differences between the total and net production curves represent foliage litterfall
rates. At canopy closure, foliage production is equal to litterfall, so net above-ground
production rate is equivalent to wood production rate. Note that the difference in the
rate of net above-ground production (18.3 vs 10.0 t hr ' yr ') is much more pro-
nounced than the difference in L*0 values. (HereAfi= 50 t ha-, k = 0-5, of.= 4
in' kg-1, Y = 0.6, yfi = 0.3 yr yfi = 0, Rg = 0, see text.)
Le has been presented by many authors (see references in McCree & Trough-
ton 1966; Harper 1977), while the case against optimal Le has been put by
McCree and Troughton (1966) who argue that the canopy respiration rate is
more directly related to canopy photosynthesis than to total foliage mass, and
hence that there.is no optimum 1,* for the net photosynthetic rate. McCree
and Troughton's criticism does not apply to the model (2) where foliage
respiration is subsumed in the assimilation model (1). The peak occurs in
Figure 2 because of the assumed relationship between litterfall and foliage
mass. (See also Linder 1985.) Further, if the relationship between litterfall
and foliage mass is nonlinear, eg because leaf longevity declines with L.*
(McCree & Troughton 1966), then the peak of Figure 2 will be more pro-
nounced than that illustrated.
Several authors argue that the maximum leaf area index reached at canopy
closure generally exceeds the optimal level (eg Black 1965; Donald 1961;
Harper 1977). If this is true for forest stands, then it raises the question of
whether forest managers should impose thinnings which maintain the canopy
close to optimal 1.* (eqn 4), where stem productivity is maximized.
The results of Figure 2 can also be expressed as a function of the partitioning
coefficients. The rates of stem production at canopy closure resulting from
altering the proportion of assimilate allocated to roots, 11k, and foliage, r/F, are
illustrated in Figure 3. The effects are dramatic. The rate of stem production is
highly sensitive to both tn. and ?IR. For instance, if is less than 7/F° (eqn
5), then /..* will be below its optimum and the forest will not attain its
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FIGURE 3. The effects of varying the assimilate partitioning coefficients (rh)  on net
above-ground production rates achieved at canopy closure. When  FIR= 0.5 thc greatest
above-ground (= wood) production rate occurs with riF=0•13, while when  In=  0.2
the greatest above-ground wood production rate occurs with np = 0-15. The increase
in allocation to roots is predominantly at the expense of wood production. Parameter
values are the same as in Figure 2.
maximum growth rate. The value of :IF corresponding to the maximum rate
of stem production (eqn 5) varies little — from 0-13 to 0.15 while tm changes
from 0.5 to 0.2. These results imply that , if trees adjust their assimilate
partitioning to maximize above-ground productivity, then any increase in
carbohydrate allocation to roots will be largely at the expense of stem, rather
than foliage, production. The ratio, 718/(77F+?Is), which is similar to Cannell's
harvest increment (see this volume), differs little for the two optima, with
values of 0-74 and 0.81, respectively. The relative stability of this ratio as site
fertility varies is consistent with Cannell's Table III. This result is also
consistent with data from Keyes and Grier's (1981) experiments, where an
increase of fine root production from 8% of dry matter production on a fertile
site to 36% on an infertile site is achieved by reducing stem production from
58% to 34% with a smaller reduction in foliage production from 18% to 13%(see Cannell's Figure 68, this volume).
III. CARBON ALLOCATION VERSUS NUTRIENT
CYCLING
A. The nutrient cycling model
The previous section indicates that dramatic gains in forest productivity might
be achieved if it were possible to manipulate assimilate partitioning. However,
a major shortcoming of the above model is that roots are assumed to serve no
12. Modelling forest productivity 201
function; the peak productivity in Figure 2 will occur when rpe = 0. This
section describes how the role of roots in nutrient uptake can be incorporated
in the above model, and examines how the nutrient status of soils affects
growth processes and assimilate partitioning. For a discussion of alternative
modelling approaches to this problem, see Reynolds and Thorn ley (1982) and
Charles-Edwards (1982). In the models of I ngestad et al. (1981) and Agren(1983a,b), the relationship between forest growth and nutrient cycling is
considered without explicitly describing the role of roots. In the following
simplified model of nutrient cycling, I consider only one dynamic variable:
the weight of nutrient stored in tree biomass (NT). The dependence of
assimilation on nutrient availability is represented by the relationship:
A = A, (1 — exp( —k L`)) f([N]F) (7)
where [N]T  represents the concentration of nitrogen stored (as distinct from
N bound in the structure) in foliage. (We do not consider nutrients other than
nitrogen.) The modifying function ft[N]T) takes values between 0 and 1. Re-
translocation is implicit in this model; it can be made explicit.
In most natural forests, the major source of nitrogen in soil solution is the
decomposition of organic matter, with smaller inputs from throughfall and
fixation  of  atmospheric nitrogen. In this model, there are two mineralization
components, one derived from the decomposition of recent litterfall s,(t) (kg
ha -1  yr ') and the other from decomposition of stable organic matter so(t).
We denote the rate of input of N to the pool of available N in the zone of root
production by .5(t) (= s0(04-s,(0). -
In a stand with a closed canopy, the uptake rate at any time is a function
of soil temperature, moisture, root length per unit volume of soil (L,), the
amount of 'plant available' nutrient in the soil solution, and other factors.
Uptake by the roots of the trees is expressed as:
U = s(t) g(wR) (8)
where g(utR) represents the fraction of mineralized N taken up by tree roots:
WR) =  åtvR/(1 +15 WEi)
 (9)
This function is of the hyperbolic shape described by Bowen (1985) for the
relationship between uptake and The value of 6 reflects the nutrient
absorption capacity of tree roots, the specific root length, and the intensity of
competition for N from other vegetation and micro-organisms. A more detailed
mechanistic model of uptake could be constructed along the lines of Nye and
Tinker (1977).
The rate of change of the total quantity of nitrogen stored in biomass is the
difference between uptake and its rate of consumption in tissue production(Q):
aNT
— U Q
dt (10)
where Q = (rate of tissue production x average nutrient concentration in
tissue). Equations (2,10) represent a self-consistent model of the effects of
nutrient cycling on the dynamics of forest growth.
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B. Upper limit to productivity as a function of nutrient and
assimilate availability
The model can now be used to explore the relationship between forest
productivity and the assimilate partitioning coefficients,  q„  when the availa-
bility of either assimilate or nutrient could be limiting. Assume that values of
ry, are independent of t  (ie  that canopy closure has been achieved) and that
4(t) is constant. Figure 4, derived from the model, illustrates the relationship
between stand productivity at canopy closure and assimilate partitioning for
a fixed value of tle (= 0-5) (ie 50% Of the assimilates are partitioned to wood).
The two sections of the curve in the figure correspond to conditions where
growth is limited by the amount of energy absorbed by foliage, and thc
amount of nutrients absorbed by the roots. Growth is assimilate-limited on
the left-hand section at low values of  rfr,  ie when partitioning to foliage
production is relatively low) and is nutrient-limiied on .the right-hand section
(for relatively large values of  IF,  ie when partitioning to root production is
low).
20
0
•  •  AssendeleArTuted
Nutnent-Inuted
N
0 0-2 •0
Proportion of dry matter partitioned
to foliage  (77F)
FIGURE 4. The effects of the mineralization rate for N in soil on stand prOductivity
at canopy closure for the model given in text equations (2)  and (10), with half the
assimilates partitioned to woOd (ie  rip =0-5).  The left-hand section of the curves
corresponds to conditions where growth is assimilate-limited(IF low, therefore small
antount of foliage), and the right-hand sections to conditions where growth is nutrient-
limited. The dashed line represents the consequences of a nutrient mineralization rate
of  s =  160 kg N ha- ' yr, while the unbroken curve assumes s = 200 kg N hr yr
(Hereyk = 2 yr I and å = 0-5 ha t- '. Other parameter values are the same as in Fig. 2.)
If the model (2,10) is simulated for parameter values where radiation is
limiting, but where nutrients are non-limiting (ie on the left-hand section of
the curve of Fig. 4), then the amount of nutrient stored, NT, will accumulate
steadily. This implies that nutrient uptake is surplus to requirements and, in
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terms of the model, that trees have surplus root mass. A net shift of partitioning
away from root production results in increased above-ground productivity.
In terms of Figure 4, increased net above-ground production can be achieved
by increasing rp.  to its value at the point of intersection of the nutrient - and
radiation-limited sections of the curve.
-
The model (2,10) allows us to predict the partitioning strategy that will
maximize the net rate of above-ground biomass production at canopy closure,
and it is interesting to speculate on whether the growth patterns of trees
actually tend towards such optima. If so, then the model suggests that
the partitioning would shift to an optimuni where assimilate and nutrient
availability are simultaneously limiting. This hypothesis is worth investigating,
although teleological arguments, which assume that plants will adopt a particu-
lar strategy, involving maximizing production of particular components, are
fraught with danger. Mooney and Gulmon (1979), who develop photosynthetic
theories based on maximization of net carbon gain, consider that, because net
carbon gain represents a primary component of fitness, deviation from the
optima predicted by their model would be maladaptive. An alternative opti-
mization approach is to derive partitioning strategies which maximize repro-
ductive output (Iwasa & Roughgarden 1984, and references therein). A direct
correspondence exists between the application of these two optimization
criteria; the steady state variable  wB  (boles, branches and coarse roots)
performs an analogous role in the above model to lwasa and Roughgarden's
(1984) state variable 'accumulated amount of reproductive activity'. A second
warning is that there are very good reasons why species adopt relatively
conservative, safe strategies in the exploitation of their resources, and why
forest managers should not be over zealous in fine-tuning to maximize produc-
tion, as discussed by Cannell (1979).
Diagrams such as Figure 4 can also be used to explore how both productivity
and partitioning might be affected by changes in parameter values. Parameter
changes which lift both the right-hand section (eg by increasing the rate of
nutrient supply) and the left-hand section (eg by increasing the assimilation
rate, Ao, or reducing foliage litterfall, yE) will tend to increase productivity
for all values of  tie.  Any parameter change which lifts only the right section
(ie decreases nutrient limitations) will increase maximum productivity and
shift the maximum to a higher gp value. (This is illustrated by the dashed
curve in Fig. 4.) Similarly, any parameter change which lifts only the left
section (eg by increasing absorbed radiant energy) will increase the maximum
productivity but shift it to a lower value. These results are consistent with
those obtained in experiments on the response of assimilate partitioning to
treatments which vary radiation absorption and the supply of nutrients (Har-
per 1977; Gulmon & Chu 1981; Brouwer 1983).
It is of interest to consider the relationship between the nutrient supply
rate,  s,  and assimilate distribution. Figure 5 illustrates how the pattern of
assimilate distribution which maximizes net above-ground productivity at
canopy closure varies as a function of  s.  This partitioning strategy has been
derived by optimizing over all possible combinations of  le, tin  and  tpt.  The
range of  s  values illustrated in Figure 5 matches the range of measurements
of mineralization rates for N cited by McClaugherty et al. (1982) for temperate
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FIGURE 5. The effects of differences in mineralization rate for N in soil on the pattern
of assimilate distribution which maximizes net ahove-ground productivity at canopy
closure, for the model given in text equations (2) and (10).
A. The rate of production of foliage, wood and fine root tissue.
B. The partitioning coefficients to foliage, wood and fine roots.
(Here 6 =1 ha '. Other parameter values are the same as in Fig 4, see text.)
forests. The variations in optimal partitioning strategy, and in productivity
levels, are striking. According to Figure 5A, mineralization rates below 25 kg
ha- ' yr-1 are too low to permit growth. At low s values, allocation is primarily
to roots; but root partitioning declines sharply as s increases (Fig. 5B). Figure
5 suggests that maximum productivity on fertile sites will be achieved with
lower values of 71 R than on infertile sites. This finding is consistent with the
trends observed by Linder and Axelsson (1982) and Keyes and Grier (1981)
concerning the proportion of assimilate allocated to roots on nutrient-poor
versus rich soils.
The above model provides a framework for considering environments which
are uniform over time, whereas real world forests are subject to both seasonal
and random environmental fluctuations. If, due to environmental variability,
fine root dynamics consists of successive phases of production and root
shedding, then partitioning to fine roots is likely to be considerably higher
than indicated in Figure 5. This effect is likely to be most pronounced in
environments which are subject to extreme climatic variations, and least
pronounced where conditions are relatively uniform over time. Iwasa and
Roughgarden (1984) discuss how root/shoot partitioning might respond optim-
ally to changes in environmental conditions.
IV. CONCLUSIONS
In this paper, the rate of above-ground biomass production of forests has been
shown to be highly sensitive to the pattern of partitioning of assimilate.
According to the carbon budget model of Section II, the upper limit to yield
for a given environment is achieved by a partitioning strategy where allocation
to foliage production is high initially, but declines as the stand approaches
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canopy closure. Allocation to wood production shows a corresponding increase
at canopy closure.
What emerges from the carbon-nitrogen model of Section III is that the
rate of tree growth can be limited by the availability of either assimilate or
nutrient. Nutrient limitation occurs when the partitioning of assimilate to
produce roots is relatively low, while assimilate limitation occurs when parti-
tioning to produce foliage is relatively low. As for the carbon budget model,
the rate of wood production is highly sensitive to the partitioning coefficients.
The model can be used as a tool to determine the upper limit to productivity, by
asking what panitioning pattern will maximize net aboye-ground productivity.
The foliage, stem and root partitioning fractions corresponding to the maxi-
mum net rate of above-ground productivity vary dramatically with the values
of some parameters, such as the rate of nutrient supply through mineralization
of soil N. The model suggests that on relatively fertile sites the upper limit
occurs at lower root partitioning coefficients than on infertile sites. This trend
is consistent with the field studies of Keyes and Grier (1981) and Linder and
Axelsson (1982).
Conceptual models, such as .those described here, can be valuable in
suggesting general principles governing tree growth. The above model ad-
dresses such questions as: what determines the U value achieved at canopy
closure; how does above-ground productivity depend upon canopy character-
istics (k, OF,  Ao,  )4.),  root turnover  (YR),  partitioning coefficients (7b) and
site parameters (eg mineralization rates); what is the upper limit to stand
productivity; how does assimilate partitioning change as a forest approaches
canopy closure; and how is partitioning related to tree and site parameters.
While data are available to support hypotheses generated by the above model
(eg Beets 1982; Keyes & Grier 1981; Linder & Axelsson 1982; Linder 1985),
the best procedure to test the model rigorously is to focus on the underlying
growth processes at a more mechanistic level, using more mechanistic models.
The parameters of higher resolution models, which more closely represent the
physiological growth processes, can be estimated directly from experimental
studies. These detailed process models could then be compared with the
simple model.
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I. INTRODUCTION
Wood, biologically known as xylem, is one of the principal products of trees,
yet our knowledge of the.biological processes that occur in the cambial region
is rudimentary. There is a pressing need to extend this knowledge in order
to manipulate stem development to advantage, both silviculturally and by
selection and breeding. Moreover, a new age of genetic manipulation has
dawned, which requires a more fundamental understanding of the genes,
enzymes and molecular structures contributing to wood development.
With this in mind, this chapter reviews a number of the biochemical and
anatomical developments of the cambial region and discusses what is known
about their regulation. Recent reviews by Berlyn (1982) and Burley (1982)
have dealt with related issues, and a more extensive guide to the literature on
• New address: Department of Forest Resources, University of New Brunswick, Fredericton,
NB, Canada, E3B 6C2
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the hormonal control of cambial activity and xylem development will be found
in Savidge and Wareing (1981b).
H. FACTORS INFLUENCING VASCULAR
DEVELOPMENT
Three classes of factors must be considered when attempting to explain any
type of multicellular development in eukaryotes (Savidge I983a). These
are (a) genetic factors, which normally originate duringmeiosis and cause
permanent changes in the genetic information available for expression, (b)
epigenetic' factors, which regulate the sequential and differential expression
of genes during development, and (c) physiological factors, which are
transient, such as physical or chemical changes that alter enzyme activity.
Genetic, epigenetic and physiological factors can act singly, in combination,
or at cross-purposes to influence the occurrence Of events such as cell division
and differentiation.
A. Cambial competence2 and determination3
Procambial development during and following embryo morphogenesis un-
doubtedly occurs because the genetic information enabling such developinent
is present in the zygote from the moment it originates. However, it is unlikely
that procambial developmentper se is  coded for in DNA; rather, the several
subcellular developments that together add up to procambial development
are contained in the genetic code. Eecause these genes are neither randomly
expressed nor expressed among total populations of apical cells (Esau 1965;
Larson 1982), it is necessary to enquire into factors eliciting their expression.
Similar considerations apply to interfascicular and vascular-cambium develop-
ment (Catesson 1980; Larson 1982).
Following induction of differing ploidy levels in discrete layers of the
shoot apex of fruit trees, cytological studies indicated that vascular cambium
originated from both the layer of apical cells serving as pith progenitors and
the layer of apical cells serving as cortex progenitors (Dermen 1953). These
Epigenesis originally denoted the capacity for, or occurrence of, continuing developmental
change in a eukaryotic organism from its beginning as a relatively structureless single cell. The
theory of epigenesis, now generally accepted, contrasts with the theory of preformation (see
J. W. Saunders, jr. 1982. Developmental Biology,pp. 191 and 476, Macmillan Publishers).
Modern-day usage of 'epigenetics' refers to orderly physical or chemical changes that occur to
the structure or transcribability of genetic information;relative 16the zygote's original capacity
for gene expression, and that persist through replication and nuclear division..
2 Competence refers to the capacity of a tissue to respond to an inductive stimulus by following
a particular developmental pathway, different from that which it would follow in the absence of
induction (Bird et at 1982).
3 Determination (or commitment) refers to the genome becoming restricted such that only one
differentiation pathway can be followed (Bird et al. 1982;Waning 1982; Savidge I983a). In the
present context, that pathway is production of vascular tissues.
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observations suggest that no strict commitment to vascular development arises
in particular cell layers within shoot apices.
Gahan (1981) observed histochemical esterase reactions in some apical cells
of dicotyledons before these cells appeared anatomically as procambium.
Procambial and cambial cells showed similar reactions. Gahan (1981) proposed
that, as procambial and cambial cells originated they became committed to
vascular development. Commitment was suggested to occur in response to
auxins, cytokinins, and sucrose. Although a considerable body of evidence
has implicated auxins, cytokinins and sucrose in the regulation of vascular
development (see Savidge & Wareing 1981b), it remains unclear whether the
histochemical reaction described by Gahan (1981) is, in fact, evidence for
determination. It may alternatively be interpreted as evidence for competence.
Siebets (1971) observed xylem to develop on the centrifugal" side, and
phloem to develop on the centripetal' side of the cambium in hypocotyl blocks
of Ricinusafter they had been surgically removed and replaced in the inverted
position. This reversal of normal phloem-xylem positioning led Siebers (1971)
to suggest that the sites of initiation of cambium, and the polarities (ie
centrifugal or centripetal) of tissue differentiation from the cambium, were
determined in the embryonic shoot. An alternative interpretation, however,
is that the reversed polarity occurred in response to factors regulating cambial
activity and xylem development (little phloem developed in the inverted
blocks of Siebers 1971) in intact tissues adjoining the inverted blocks (Sa-
vidge & Wareing 198 la; Lintilhac & Vesecky 1984). In other words, the cells
within the inverted . blocks may have been competent but not determined
to undergo vascular development, an interpretation that agrees with the
observation of Gautheret (as cited in Kuhn 1971, p. 396) that phloem develop-
ment in cultured callus occurred. positionally associated with an adjacent
eXplant of mature phldem,while xylem development in similar callus occurred
positionally associated with mature xylem.
There are additional observations suggesting that cambial cells are compe-
tent but not determined for vascular development. In Pinus contorta, the
vascular cambium disappeared in the absence of a continuing supply of
exogenous auxin (Savidge & Wareing 1981b; Savidge I983b), suggesting
physiological rather than epigenetic regulation of vascular cambium structore.
Cambial cells appear to be specialized for the polar (basipetal) transport of
auxin (Savidge et al. 1982; Lachaud and Bonnemain 1984), and the character-
istic shapes of fusiform cambial cells therefore may be due to a combination
of auxin-promoted polar extension and stress-regulated planes of periclinal
cytokinesis, (Hertel 1983; Lintilhac & Vesecky 1984). In Populus, DeGroote
and Larson (1984) suggested that a threshold level of endogenous auxin is
required for the vascular cambium to develop.
Because cambial derivatives differentiate into elements of both phloem and
xylem, and because there are several types of xylem-cell differentiation possible
(Panshin & de Zeeuw 1980), there can be no doubt that cambial derivatives,
though competent, are uncommitted to any particular type of differentiation
4Centrifugal and centripetal are used in relation to the concept of  a cylindncal sheath of
vascular cambium; centripetal cells are on the pith side and centrifugal cells are on the bark side
of  the cambium.
Cytokinesis is the division of the cytoplasm following nuclear division.
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when they first originate. Because cambial derivatives probably inherit,
through mitosis, identical competence to that of their predecessor cambial
cells, it can be deduced that cambial cells per se must be competent to follow
a variety of secondary6 and terminal6 differentiation pathways. In agreement
with this deduction, entire radial files of,the cambial zone have been induced
to differentiate as tracheids (Savidge & Wareing 1981a; Savidge I983b).
Moreover, the well-known ability of cells in the cortex and pith of whole
plants to differentiate into sieve elements, 'tracheids', and wound-vessel
members is additional evidence that differentiation occurs in response to
induction by transported factors (Kutera 1978; Gahan 1981; Savidge &
Wareing 1981b). It is possible that cambial cells and their derivatives are
no more determined than extra-vascular cells to undergo types of vascular
differentiation.
B. Cambial 'initials"
The width and relative volumes of phloem and xylem produced each year can
be explained in terms of cells derived from cambial 'initials' departing toward
either phloem or xylem sides of the cambium. The assumption here is
that centrifugal cambial derivatives are committed to becoming phloem and
centripetal cambial derivatives are committed to becoming xylem. Because
cambial determination remains an assumption, this reasoning is clearly circu-
lar; however, it makes the initial the controlling element in cambial activity,
as well as in phloem and xylem production. In other words, the cambial
initial, if it exists, must be the cell that most influences the quantity of xylem
and phloem produced each year.
Anticlinal divisions commonly occur in fusiform cambial cells that are one
to two cells centripetal to differentiating phloem cells, and, because anticlinal
divisions  initiate  new radial files, these dividing cells are considered to be
initials (Philipson  et al.  1971). However, anticlinal divisions can occur in more
than a single fusiform cambial cell of each radial file. In  Pinus contona,
Savidge and Farrar (1984) commonly observed two or more spatially separated
o Savidge (1983a) suggested cells be described as in a state of secondary differentiation when
they have ceased cell division and expansion but nevertheless remain capable of cell division, eg
when transferred to a sterile nutrient medium; terminally differentiated cells are enucleated, and
thus cannot resume cell division activity.
7 For a recent review of the cambial initial concept, see Timell (1980). 'Initial' refers to a single
cambial cell (customarily a fun/mu cell) of each radial file that has the following characteristics:
(a) the initial is the original and the continuing source of all cells within its radial file; (b) following
periclinal cytokinesis in the initial, one of the daughter cells remains as an initial and the other
becomes a xylem or phloem 'mother' cell with the function of producing elements of xylem or
phloem, respectively (whether the mother cell contributes to phloem or xylem production
depends on its position; if it is on the phloem side of the initial, it contributes to phloem
development; if on the xylem side, it contributes to xylem development); (c) new initials, and
thus new radial files, arise by the occurrence of anticlinal cytokinesis in existing initials and (d)
within each radial file, the initial is shorter than its derivatives. The cambial initial concept is
hypothetical; there is no convincing fine structural, biochemical or physiological evidence that
cambial initials actually exist.
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fusiform cambial cells of a radial file to be undergoing more or less concomitant
anticlinal division (Fig. 1).
10 pm
FIGURE 1. Transverse section through fusiform cambial cells of  Pinus contorta  spp.
latifolia,  showing a radial file with four anticlinal divisions (single arrows) in two
locations. Periclinal dividing walls are indicated by double arrows. P = phloem on the
centrifugal periphery of the cambial zone.
An alternative to the cambial initial concept is that any cell of the cambial
zone receiving the necessary balance of physical and chemical factors will
develop and function in the manner traditionally ascribed to the hypothetical
initial. Whether a cambial cell divides anticlinally or periclinally, becomes
incorporated into xylem or phloem, or remains as a cambial cell may be
regulated by factors that shift radially across cells of the cambial zone. Evert
(1963), for example, deduced that cambial 'initials' in apple trees were
continually shifting their positions both tangentially and radially. In conifers,
cell division first occurs in early spring in fusiform cambial cells bordering
mature xylem; later, cell division becomes more frequent in more centrifugal
cells. Developmental shifts may occur in response to changes in cell pH and
in concentrations and compositions of solutes, including hormones, known
to differ markedly between the inner and outer peripheries of the cambial
zone (Savidge et al. 1982).
C. Fusiform cambial cell activity8
Fusiform cambial cells divide in various planes (Philipson et al. 1971),
cytokinesis possibly following the lines of the principal stress at the moment
of cell-plate orientation (Brown & Sax 1962; Lintilhac & Vesecky 1984).
8 'Activity' refers to cell division occurring within the cambial zone.
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Periclinal divisions increase the number of cells per radial file within the
cambial zone. This number appears to be the primary factor underlying the
rate of wood formation. The number of fusiform cambial cells per radial file
depends on cambial age and the time of year (Philipson  et al.  1971; Savidge
et al.  1982; Savidge & Wareing 1984). A single cell per radial file has been
encountered only rarely, normally in young cambia during months of cambial
inactivity. Following reactivation of older conifer cambia in early summer,
the number per radial file commonly exceeds 20 (Savidge & Wareing 1984).
The largest number of cambial cells per radial file occurs during the 'grand
period' of mitotic activity which, in conifers, immediately precedes the most
productive period of xylem formation. By mid-summer, the number of
fusiform cambial cells per radial file declines to between two and ten, depend-
ing on cambial age. Periclinal cell divisions continue into late autumn in most
conifers, while in many hardwoods cambial cells stop dividing earlier in the
year (Savidge & Wareing 1981b).
The vascular cambium's continuity around the circumference of a stem is
maintained by the initiation of new radial files following anticlinal divisions
of cambial cells (Philipson  et al.  1971), although tangential expansion also
occurs, particularly in young cambia. Waves of pseudotransverse anticlinal
divisions have been deduced to move both axially and tangentially along stems
(lIejnowicz & Bomberger 1979). Pseudotransverse anticlinal divisions occur
primarily at the time of latewood development and are more than adequate
to maintain the continuity of the cambium, with the result that substantial
numbers of xylem and phloem elements are shorter than they need be.
In whole trees, many changes in the external environment have been shown
to promote or inhibit stem diameter growth. In general, growth is increased
in response to any change or management operation that enhances foliage
production or prolongs leaf activity, particularly thinning, fertilizing and
irrigating. Stem bending, eg by wind action, also stimulates cambial activity,
particularly at stem bases. In conifers, cambial activity is promoted on the
sides of stems made concave by bending and is inhibited on the convex sides;
in hardwoods, the situation is reversed (Busgen & Munch 1929, p. 174;
Wareing  et al.  1964).
The compositions and concentrations of solutes in xylem and phloem saps,
and of reserves in stem tissues and evergreen leaves, surely influence the
width and meristematic activity of the cambial zone; however, the quantitative
relationships remain to be investigated.
Exogenous auxins, gibberellins and ethylene promote cambial activity in
stems of temperate-zone trees, provided the stems are not 'dormant' (see
review by Savidge & Wareing 1981b). Exogenous auxin alone promoted cell
division in young, but not in 3—year-old, conifer cambia (Savidge 1981,
1983b). Zajaczkowski and Wodzicki (1975) presented evidence for an uniden-
tified factor necessary for cambial activity. Some investigators have reported
that gibberellins promote cambial activity when applied to stems of intact
conifers. However, this is not the case with disbudded-defoliated stem seg-
ments of conifers, although it is so for disbudded-foliated stem segments of
hardwoods, which respond even more to a mixture of auxin and gibberellic
acid (Savidge & Wareing 1981b).
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Ethylene appears to have a role in promoting cambial activity in both
hardwoods (Phelps et al. 1980) and conifers (Barker 1979). Auxin-promoted
ethylene-biosynthesis may be at least part of the basis for increased cambial
activity in response to wind sway, and on the lower sides of conifer branches
when compressionwood is formed (Savidge et al. 1983).
Exogenous cytokinins are generally less effective than auxins and gibberel-
lins in promoting cell division in fusiform cambial cells, although seasonal
changes in endogenous cytokinin (bioassay) activity in Pima sylvestris cambia
can apparently parallel the seasonal change of cell division activity (Kubowicz
1979). However, it is unclear whether cytokinins are supplied to the vascular
cambium from sources such as roots (Wareing 1980) or are biosynthesized in
the cambial region itself (van Staden & Choveaux 1980).
Cambial activity has been promoted by exogenous inositol (Wolter &
Skoog 1966; Wodzicki and Zajaczkowski 1974). Dikegulac promoted cambial
activity, simultaneously inhibiting shoot elongation (Bhattacharjee & Gupta
1984).
Several endogenous growth regulators, including indo1-3y1-acetic acid(IAA), zeatin, zeatin riboside, and abscisic acid (ABA), have been positively
identified by combined gas chromatography — mass spectrometry (GCMS) in
conifer cambia (see Savidge & Wareing 1981b), but it has yet to be established
unequivocally that gibberellins are present. The ethylene precursor 1-amino-
cyclopropane- 1 -carboxylic acid was' identified in active compressionwood
cam"bial regions of P. contorta (Savidge et al. 1983), and.dihydroconiferyl
alcohol is present in the active cambium of the same species (R. A. Savidge,
unpublished). Also, zeatin ribonucleotide (as estimated by selected-ion
monitoring GCMS) appeared to be more abundant than zeatin and zeatin
riboside in differentiating xylem of P. conwna (I. Scott, pers. comm.).
None of the molecules within the above-mentioned classes of plant growth
regulators has been unequivocally identified in the cambium-of any hardwood
species.
The width of the radial file in the cambial zone is not correlated with
endogenous IAA levels in P. contorta.Moreover, levels of endogenous IAA,
sufficient to support cambial activity in early spring, were associated with
inactive cambia during the winter and in mid-summer (Sayidge-et al. 1982;
Savidge & Wareing 1982, 1984):
Low temperatures inhibit cambial activity, possibly by affecting micro-
tubule stability (Rikin et a),.1983). On the other hand, the cambium may fail
to reactivate despite warm periods, such as on the lower sides of roots and at
the bases of shaded branches (Busgen & Minch 1929, pp. 158-160; Farrar
1961; Fay le 1968; Savidge 1981).
Cambial activity is temporarily arrested following wounding (Savidge &
Farrar.1984), possibly owing to supra-optimal wound-ethylene levels. Follow-
ing arrest, cambial activity may increase beyond that of controls,- but exo-
genous plant growth regulators have not promoted healing (eg McQuilken
1950; Fahn et al. 1979). Many instances of cambial non-responsiveness to
exogenous hormones have been reported, variously attributed to cambial
'dormancy', altered cambial 'sensitivity', inability of the cambium to transport
auxin, and substrate shortages (see Savidge & Wareing 1981b).
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Growth cessation and dormancy have often been attributed to abscisic acid
(ABA), but there is no convincing evidence that endogenous ABA levels
increase when cambial activity ceases (Little & Wareing 1981; Savidge &
Wareing 1984). ABA may have a role in cryoprotection of cambial cells during
the winter (Chen & Gusta 1983; Rikin  et al.  1983).
D. Rays
The amount of ray tissue in the phloem, xylem and the cambial zone influences
wood quality and whole tree growth (eg Bingen & Munch 1929, pp. 353-354;
Hall 1975; !archer 1980, pp. 140-142), but little research has been done on
factors regulating cambial ray abundance.
Some stem xylem rays begin as medullary cells close to the pith at the time
of primary xylem development and vascular cambium formation (Bingen &
Munch 1929, p. I 1 1; Philipson  et al.  1971). In many species, the height of
each ray is greatest in the first annual ring of xylem; it then diminishes,
increasing again in old age (Bingen & Munch 1929, pp. 113-115). Increased
ray cell number has been noted in response to increased light availability to
the tree crown, and ray formation appears to be associated with a tree's ability
to accumulate storage reserves (Busgen & Miinch 1929, pp. 115-116).
New rays can arise in the cambial zone in several ways (l'hilipson  et al
1971). Applications of exogenous cytokinin promoted an increase in ray tissue
in  Picea sitchensis (Philipson & Coutts 1980).
E. Primary-wall expansion (increase in cell volume)
The iengths of fusiform cambial cells increase with cambial age to a maximum,
then remain roughly constant for many years, and finally may decrease .in
very old cambia (Philipson  et al.  1971).
In  P. cantina,  the extension of particular fusiform cambial cells usually
occurs at the expense of other fusiform cambial cells which shorten by
undergoing imperfect periclinal divisions (Savidge & Farrar 1984). It has been
suggested that the number of ray cells contacting each fusiform cambial cell
influences whether the fusiform cell elongates (Gregory & Romberger 1975;
Philipson  a al.  1971), but Savidge and Farrar (1984) found that fusiform
cambial cells without any ray contact could elongate.
Conifer sieve cells and trachcids are approximately the same length as the
fusiform cambial cells from which they are derived. The same is true for
vessels and sieve elements in hardwoods, but considerable extension may
occur in cells that differentiate as fibres or longitudinal parenchyma. Thus,
the occurrence of perfect or imperfect planes of cytokinesis in fusiform cambial
cells has less effect on the final length of hardwood ` fibres' than it has on
conifer tracheids, and the regulation of cell elongation may well be different
between hardwoods and conifers.
Factors acting to delimit the peripheries of the cambial zone (ie to establish
points where cambial cells cease dividing and undergo radial expansion and
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elongation) have not been investigated. In older stem regions of P. contorta,
centripetal cambial derivatives expand radially in spring well before bordered-
pits develop (Savidge 1983b; Savidge & Wareing 1981a, b, 1984), so it can
bc suggested that primary-wall growth is regulated separately from subsequent
differentiation. This interpretation agrees with observations that tracheid
differentiation can occur without any preceding radial expansion (Savidge
1983b; Savidge & Wareing 1981a, b).
High auxin levels have been found at the centripetal peripheries of cambial
zones of both hardwoods and conifers (Sheldrake 1971; Savidge a al. 1983).Endogenous dihydroconiferyl alcohol, present in xylem sap, may have a role
in determining auxin distribution in the cambial region (Sakurai et al. 1975;
Lee et al. 1981).
It is well known that exogenous auxin promotes primary-wall growth, and
endogenous auxin may have this effect in the cambial region. Gibberellins
and coumarin also promote primary-wall expansion (eg Stant 1961; Itoh
1976). Little is known of inhibitors of primary-wall growth in the cambial
region.
F. Phloem -cell differentiation
Phloem and xylem cells both originate from the vascular cambium. The
cellular differences between these two tissues therefore must arise in response
to either separate sets, or varied concentrations, of regulatory factors. Auxins,
gibberellins and cytokinins promote phloem development both in stems and
in callus cultures, but these same exogenous growth regulators also promote
xylem development (see Savidge & Wareing 1981b).
Subcellular developments such as bordered-pits and sieve areas initially
involve the same type of primary-wall modification; thus, they are probably
regulated by the same factors (Savidge 1981). Axial parenchyma and fibres
are common to both the xylem and phloem in many species (Panshin & de
Zeeuw 1980).
The differentiation of sieve elements can be promoted by high levels of
sucrose in sterile cultures (see Savidge & Wareing 1981b), and sucrose levels
seem to remain high in the mature phloem of intact stems at all times.
However, there is no evidence that changes in sucrose concentration in the
cambial region parallel seasonal changes in phloem production.
Instances have been noted where phloem formation occurred in the absence
of any associated xylem formation (Bingen' & Munch 1929, pp. 204, 222;
Barnett 1971). Larson (1982), working on Populus shoots, concluded that
protophloem differentiated in response to factors originating in developing
leaves, while protoxylem developed in response to factors originating in leaf
primordia.
G. Subcellular aspects of xylem-cell differentiation
Wood formation consists largely of the production and precise positioning of
insoluble polymers outside the plasma membrane and inside most of the
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primary wall. Primary-wall dissolution and other modifications can also occur,
depending on the cell type which differentiates (Catesson & Czaninski 1979;
Barnett 1981; Butterfield & Meylan 1982).
Hemicelluloses and cellulose are biosynthesized by cells of the vascular
cambium, by expanding cambial derivatives, and by cells actively differentiat-
ing into phloem and xylem. Pectin biosynthesis, on the other hand, is restricted
to cells of the cambial zone and to its radially expanding derivatives (Northcote
1982), while lignin biosynthesis normally occurs somewhat later, in cells
distantly removed from the cambial zone (Wardrop 1981).
Many enzymes contributing to hemicellulose and lignin biosynthesis have
been identified, and presumably the enzymologies of cellulose, hemicellulose
and lignin biosynthesis are identical whether the cells differentiate into
tracheids, vessel elements or fibres.
The number of chromosomes in a cell has no apparent bearing on differentia-
tion. Haploid, diploid and polyploid cells are capable of differentiating into
tracheids (Esau 1965; Armstrong 1982). The possibility that DNA synthesis
or mitosis may be necessary for tracheid differentiation to occur has been
extensively researched and now appears unlikely. RNA biosynthesis, on the
other hand, does appear to be essential and protein biosynthesis is certainly
necessary (Northcote 1982; Fukuda & Komamine 1983).
Plant hormones may have several regulatory roles during xylem-cell differ-
entiation, but there has been little biochemical research in this area. Hormones
influence the activities of wall-forming enzymes in vivo, but exogenous hor-
mones have not been found to modify enzyme activities in vitro (Northcote
1982). Aseptically cultured cells which normally produce 'tracheids' in re-
sponse to exogenous auxin and cytokinin lose this ability after several transfers,
suggesting that other factors are needed to initiate secondary-wall formation
and lignification (Northcote 1982). The factors initiatingtracheid differentia-
tion may be derived from mature leaves (Savidge & Wareing 1981a, b).
Phillips (1954) presented evidence suggesting the existence of a transported
factor that regulated lignification (see also Grand et al. 1982).
The distribution of bordered-pits is highly variable both within individual
tracheids and across annual rings (Phillips 1933). The development of
bordered-pits and perforation-plates has been observed in situ, and in cultured
callus, but the controlling factors are unknown (Barnett & Harris 1975;
Catesson & Czaninski 1979; Savidge 1983b). It should be emphasized that,
although auxins and cytokinins have clearly promoted `tracheid' differentiation
in sterile culture, varied ratios or concentrations of these hormones have
apparently had no effect on bordered-pit or perforation-plate development.
Cellulose is probably the first secondary-wall polymer to be produced during
tracheid differentiation, because cellulosic rings mark the sites of future
bordered-pits (Barnett & Harris 1975; Savidge 1981).
Cambial derivatives which develop lignified secondary walls frequently,
but not always, undergo cytoplasmic autolysis (Bilsgen & Munch 1929, pp.
177, 355; Dumbroff & Elmore 1977). The exceptions suggest that autolysis
is initiated and controlled independently from secondary-wall formation and
lignification.
Detailed reviews of protoplasmic and fine structural changes during xylem-
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cell development • have been prepared by, for instance, Catesson (1980),
Barnett (1981) and Butterfield and Meylan (1982).
H. Cellular aspects of xylem development
Vessel and tracheid differentiation are promoted in disbudded-defoliated stem
segments of hardwoods and conifers when auxins are applied to their apical
ends (see Savidge & Wareing 1981b). The vertical distribution of xylem
development appears to be influenced by concentration gradients of auxin
(Savidge & Wareing 1981b; Wodzicki et al. 1982), and gradients of endo-
genous auxin have been found in the cambial region (Savidgeet al. 1982;
Savidge & Wareing 1981b, 1984). In P. contortastem segments, most new
xylem developed close to the site of exogenous auxin application (Savidge
1981, 1983b). In several studies, xylem formation has been localized at the
bases of stems, possibly because endogenous regulators accumulated there
(Savidge & Wareing 1981b; Savidge 1983a).
. • Stem girdling prevents the downward movement of polar-transported auxin
(Savidge & Wareing 1982), and incomplete differentiation of centripetal
cambial derivatives below stem girdles has been observed in both hardwoods
and conifers (Even & Kozlowski 1967; Savidge 1981).
Expansion and secondary-wall formationflignification occur more rapidly in
differentiating Vessel elements than in adjacent cambial derivatives (Zasada &
Zahner 1969). More . rapid differentiation of vessel elements could again be a
result of greater influx of substrate due to higher auxin levels, as a result
of preferential polar transport of auxin through 'these cambial derivatives.
Applications of exogenous auxin have promoted vessel development in several
hårdwéod species (Savidge & Wareing 1981b; Lachaud 1983; Zakrzeviski
1983).
In conifers, high concentrations of exogenous auxin haye promoted conn-
pressionwood tracheid differentiation (Sheriff 1983). Yamaguchiet al. (1983)
observed compressionWood evelopment in conifer stems distal to the siteS of
morphactin application, while normal wood developed basal to the site of
application. Morphactins interfere with polar auxin transport (Schneider
1970), so it can be deduced that high endogenous auxin levels were associated
with compressionwood tracheid differentiation.
Several investigators have found that substances that inhibit auxin transport
also promote tensionwood development (eg Kennedy & Farrar 1965a); how-
ever, ethylene måy also be involved (Nelson & Hillis 1978).
Wide-diameter earlywood tracheids followed by narrow-diameter latewood
tracheids are common in conifers. In hardwoods, the annual ring patterns can
be much more complex (Panshin & de Zeeuw 1980). The cell types, their
distributions, and their degrees of differentiation depend on the species,
but they can also be altered experimentally, both by exogenous hormone
application and by manipulating the environment in which wood is formed.
In conifers, latewood can be formed prematurely in response to short days
or forestalled in long days (Savidge & Wareing 1981b). Compressionwood
formation occurred in upright stems kept in the dark (Savidge I983b), in
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response to stem tilting (Kennedy & Farrar 1965b), and in roots exposed to
light (Fay le 1968).
In hardwoods, Bissing (1982) reported changes from ring-porous to diffuse-
porous xylem; and  vice versa, in response to changing soil moisture regimes,
while Phillips (1954) observed that the level of illumination influenced the
extent of lignification in bands of xylem in Fraxinus. Photoperiod has also
influenced the type of xylem formed in hardwoods (Savidge & Wareing
1981b). Graaf and Baas (1974) recorded many facets of xylem anatomy which
are altered by changing latitude or altitude. Roberts (1983) has detailed the
effects of other physical factors on xylem development in  vino.
III. HYPOTHESES ON THE REGULATION OF WOOD
FORMATION
I would like to propose here a set of related hypotheses that encompass a
number of common aspects of secondary xylem development. These hypho-
theses draw upon the findings reviewed above, but they are not comprehen-
sive, and I do no wish them to initiate poorly supported 'dogma'.
I make two assumptions, namely that  (a)  cambial cells of all species are
'competent' but not 'determined' to undergo any of a number of diverse types
of cellular differentiation, and (b) cambial derivatives do not differentiate into
any particular cell type in order to fulfil any subsequent function (such as
water conduction, structural support or storage).
The term 'variable', as used below, refers solely to intra-tree variability.
The term 'factor' requires loose interpretation; a factor may be more than a
single entity and may be in the realm of biophysics as well as biochemistry.
Individual components of a factor may have different roles in regulating
subcellular developments.
With the above points in mind, the following 12 hypotheses are proposed
for the regulation of cellular differentiation during wood formation.
I. The fusiform shape of a cambial derivative is maintained by pressure
and polar-transported auxin. In the absence of these factors, the fusiform
cambial derivative will divide in the transverse plane, which is a prelude
to differentiation of axial parenchyma, septate fibres, strand tracheids,
etc.
2 The variable radial diameter attained by a cambial derivative during
differentiation is primarily a function of its endogenous auxin concen-
tration.
3 The variable length attained by an elongating cambial derivative is
primarily a function of its endogenous gibberellin concentration.
4 The extent of intercellular bonding of differentiating cambial derivatives
is regulated by ethylene. High ethylene levels result in cell rounding
and intercellular separations such as those found with compressionwood
tracheids and vessel elements.
5. The variable mass of secondary-wall material produced by a cambial
derivative is primarily a function of its concentration of a tracheid-
differentiation factor (TDF). The formation of helical secondary-wall
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thickenings (eg in Pseudorsuga, Taxus, and many hardwood species)
interior to the tertiary layer of the secondary wall occurs in response to
declining TDF levels.
6. The orientation of microfibrils during secondary-wall formation is regu-
lated by the ethylene concentration.
7. The variable content and composition of lignin produced during the
differentiation of cambial derivatives into prosenchyma or water-con-
ducting elements is primarily a function of its endogenous concentration
of a lignification factor (LF).
8. The variable number and positioning of bordered-pits produced- by a
cambial derivative is primarily a function of its endogenous concentration
of a bordered-pit factor (BPF). (Similar hypotheses can be formulated
for the regulation of other types of pits and wall openings.)
9. The variable occurrence of autolysis in secondary-walled elements is
primarily a function of their endogenous concentration of an autolysis
factor (AF).
10. A combination of TIN: and BPF elicits tracheid differentiation in cambial
derivatives. LF and AF may or may not be present.
11. Vessel elements differentiate in response to exceptionally high auxin and
ethylene levels. TDF, BPF, LF and AF also contribute. Vessel elements
link up as a conseqUence of basipetally polar movement of auxin through
axially adjoining cambial derivatives.
12. \X'hen BPF is not available, high TDF concentrations elicit differenti-
ation of libriform fibres in hardwoods and differentiation of 'tracheids'
devoid of bordered-pits in both hardwoods and conifers. LF and AF
may or may not be present. Parenchyma differentiation occurs in cambial
derivative where TDF, BPF, LF and AF are either absent 'or annulled.
IV. IMPROVING WOOD — RESEARCH NEEDS AND
PERSPECTIVES
In the final analysis, rational attempts to manipulate wood quality and quantity
depend on whether ideas such as cambial 'determination' and cambial 'initials'
are correct. If the cambial genome is committed to producing vascular tissue,
it is necessary to be concerned only with factors promoting or inhibiting
cambial activity per se in order to manipulate wood production. If the vascular
cambium is competent but not determined, many more opportunities for
manipulating wood formation unfold, but it is important to know the
epigenetic/physiological factors initiating and controlling subcellular aspects
of xylem-cell differentiation.
Ideas on the regulation of seasonal cambial activity and wood formation
have progressed from the time when 'Wuchsstoff' (auxin) was the hormone
controlling every facet of diameter growth, to the present time when auxins,
cytokinins, gibberellins, ethylene and abscisic acid have all been implicated
as regulators. However, plant hormones have been discovered using bioassays
based on primary growth and development ('primary-differentiation' events
— Savidge 1983a). More anatomically based bioassays will be needed before
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the full spectrum of substances regulating secondary and terminal types of
cellular development is known.
Mature conifer and hardwood leaves promote xylem development, appar-
ently by producing an unidentified factor (TM') that regulates secondary-
wall deposition during tracheid differentiation (Savidge & Wareing 1981a).
Therefore, the extent of secondary-wall thickening, and the control of early-
wood-latewood production may well reduce largely to questions concerning
seasonal TDF production, allocation and activity, while cambial productivity
and radial expansion in primary-walled cambial derivatives would appear to
be largely related to similar questions concerning the regulators of primary
growth. This reasoning suggests that genotypes might be selected that arc
capable of producing thicker secondary walls, regardless of their rates of
height growth, auxin production and radial expansion.
In addition to discovering new endogenous regulators, it is important to
resolve the question of which regulators are biosynthesized in the cambial
region and which are biosynthesized elsewhere. In dicotyledons, the high
cambial activity in some stem tumours is probably due to auxin-cytokinin
production induced by  Agrobacterium (Lippincott & Lippincott 1975). In
these species, the cambium may be unable to biosynthesize either its auxin
and/or its cytokinin requirement.
- Genotypes that are exceptional in their ability to produce or respond to
plant hormones undoubtedly exist (Sheriff 1983). Our ability to screen rapidly
endogenous hormone levels is improving (Weiler & Ziegler 1981), but,
because the level of one hormone can influence that of another, and because the
environment also influences hormone levels, clones and rigorously controlled
growth conditions are needed for such research to be meaningful.
Wood specific gravity is often considered a good measure of wood quality.
Cellulose has a density of 1.6g cm-3 (Jones 1971), and pectins and hemicellu-
loses probably have similar values, while lignins have specific gravities near
1.3 g cm-3 (Stamm 1969). Conifer woods have specific gravities which rarely
exceed 0.5 g cm-3, and temperate zone hardwoods rarely exceed 0.8 g cm-3
owing to the voids in the xylem. These voids will need to be decreased in
order to increase wood specific gravity, by decreasing cell diameter and/or by
increasing secondary-wall thickness. However, any decrease in the number
or size of bordered-pits or plate-perforations could seriously decrease potential
growth rates (Zimmermann 1978), so anatomical research should accompany
specific gravity measurements. Moreover, because lignin largely determines
the compression resistance of wood, yet polysaccharides exceed lignin in
density, it is possible that increased specific gravity and decreased strength
could result from genetic selection that ignored the chemical constitution of
the wood. Also, it is not merely the quantities of lignin, hemicellulose,
and cellulose that determine wood strength but also the types of chemical
interactions that occur during cellular differentiation that bond these three
classes of polymers together. For example, rubbery apple wood contains as
much lignin as normal wood, but is less strong, probably because the lignin
is less firmly bound to the polysaccharide framework (Scurfield & Bland
1963).
The cellulose content of wood is approximately 40% and is a variable trait,
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albeit of generally low heritability. As indicated above, the amount of cellulose
produced during xylem-cell differentiation appears to be greatly influenced
by factors derived from mature leaves. Identification of these factors may be
essential before it is possible to manipulate the polysaccharide content of
xylem.
The extent of lignification that occurs during xylem-cell differentiation can
also be regulated by extra-cambial factors (eg exogenous hormones and light).
A mycoplasma is known that alters lignification during xylem differentiation
in fruit trees (Minoiu et al. 1980). This mycoplasma might be used to engineer
lignification genes genetically; however, the mechanism by which it influences
lignification is unknown. Monocotyledons possess mutations that influence
xylem-cell lignification (Grand et al. 1982), and screening for similar mutants
in trees may be of value. However, achieving improved xylem-cell lignification
at the expense of decreased resistance to pathogen invasion would not be
progress (Vance et al. 1980).
• The nutritional requirements of whole trees are reasonably well understood,
but a knowledge of the inorganic requirements of particular tissues remains
rudimentary. Thus, it remains unclear whether fertilizer applications that
increase volume production do so by meetini the nutritional requirements
of the cambial region directly, or by increasing photosynthesis, cytokinin
biosynthesis in the roots, and so forth. Sterile culture methods such as those
employed by Zajoczkowski and Wodzicki (1975) enable the growth and
development of stem tissues to be assessed in response to defined nutritional
conditions. These methods might be employed to provide forest managers
with a basis for amending soils specifically for improved stem development.
In addition, there are traits such as the duration of cambial activity, width of
the cambial zone, lengths of the fusiform cambial cells, and frequencies of
particular planes of cell division that can bemeaningfully compared among
genotypes only under stringently controlled conditions, such as those afforded
by the sterile culture approach.
In both hardwoods and conifers, it is well established that direct relation-
ships exist between foliage biomass and stemwood production (Kozlowski
1971). Improving photosynthetic 'efficiency' would appear to be the most
obvious genetic engineering approach to achieve rapid gains in woody biomass
yields (Farnum et al. 1983; Larson & Gordon 1969); however, a critical
examination of the literature suggests this reasoning may be overly simplistic.
Only a small proportion of assimilated carbon is incorporated into stemwood(see ('onnell, this volume), and large quantities of photosynthate and nutrients
move in xylem and phloem saps, in close proximity to the vascular cambium,
without being used in wood formation.
At present , there is little information about how unloading to the cambial
region is regulated, about how photosynthatc and other substances are
channelled into primary-wall material, secondary-wall material, storage
reserves, protective substances, or other materials, and about how the extent
of secondary-wall deposition during xyleffi-cell differentiation is regulated. •
V. CONCLUSIONS
The well-established intra specific and within-tree variability in anatomical
and biochemical characteristics of woody cells strongly suggests that differemi-
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ation of each type of xylem cell occurs through independently regulated and
cumulative gene expressions. The expression of genes coding for any one
aspect of development, such as lignification, does not appear to be tightly
coupled to the expression of genes coding for other associated aspects, such
as cellulose biosynthesis'. In other words, the cambial genome seems to be
comprised of very flexible 'biochemical' phenotypes rather than specific 'cell-
type' phenotypes. This suggests that it is possible to manipulate cell-type
ratios and distributions to advantage and also to encourage the formation of
improved types of xylem cells. In addition, the number of dividing cells per
radial file in the cambial zone, and the extent to which primary walls expand
in cambial derivatives, might be regulated independently of xylem-cell differ-
entiation. In short, it should be possible to manipulate separately the rate of
diameter growth and the type of wood that forms.
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I. INTRODUCTION
The rate of timber production by a forest is dependent upon the size and
functioning of tree crowns. Spacing and thinning, the most widely practised
silvicultural operations, influence both total stand volume increment and its
distribution between differently sized trees, because they influence tree crown
structure and function (Assmann 1970). The empirical relationships on which
these silvicultural operations are based have their origins in research initiated
over 100 years ago, yet attempts to increase timber yield by selecting and
breeding trees with particular crown structures are still in their infancy.
One theory, discussed by both Dickrnann and by Kärki and Tigerstedt in
* New address: Center for Quantitative Studies, University of Washington, Seattle, USA.
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this volume, is that sparsely branched tree genotypes can produce greater
amounts of stemwood than heavily branched genotypes. This hypothesis
seems to be counter-intuitive, which highlights our need to understand(a)
the interaction between branch growth, crown development and the control
of timber production, and (b) intraspecific differences in these interactions,
and how they may be exploited.
Three factors complicate the study of these problems. First, there are
differences between tree species in crown form, and in the anatomical and
morphological processes by which crowns are produced. Second, tree
branches perform functions other than the production of stemwood. Natural
selection operates through breeding success, and branching structures may
have evolved, at least in part, to ensure the efficient display of reproductive
organs, or to shade neighbouring plants. Third, branch production and
growth are influenced by a wide range of environmental factors, and it can
be difficult to isolate their separate influences on stemwood production.
The operation of a complex of factors in controlling branch growth and
crown development, and the problems these pose to scientific study, are
apparent in the descriptions and classifications which have been made of
branching patterns and crown forms. Most frequently, both qualitative and
quantitative models have been developed for single aspects of branch growth
and function. These models are reviewed here, and are used to interpret
empirical evidence on the relationship between crown form and stemwood
production in single trees, and to develop a discussion about factors controlling
timber production in stands.
II. CLASSIFICATIONS AND DESCRIPTIONS OF
BRANCHING AND CROWN FORM
Tree species have been classified into a few crown or morphological types,
which suggests that , during evolution, certain morphological and physiological
requirements have been met repeatedly in similar ways. Halle et al. (1978)
classified tropical trees into 23 architectural models. They defined architecture
as the 'morphological expression of the genetic blueprint', and stressed that
this included developmental sequences. Their dichotomous key is based on
characters of the primary meristem, such as its lifespan — which determines
whether growth is monopodial or sympodial, its pattern of differentiation to
sexual or vegetative growth, and its orientation to give plagiotropic or or-
thotropic shoots.
Brunig (1976) produced a classification of 12 prototype crown architectures
based on ecophysiological principles — mainly the aerodynamic properties of
leaves and tree shape, which influence the exposure of mature leaves to
radiation and wind. The balance between light interception, and the require-
ment to invest material in branchwood, was also considered. Brunig's classific-
ation was based on visual obsetvat ions of broad differences among tree crowns
along vegetational gradients, in both tropical and temperate forests. For
example, he described forests growing along a catena, ranging from tall, large-
leaved broad crowns on a mesic latosol to short, small-leaved forms on a xeric
podsol.
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Brunig (1976) considered his classification to be an initial approach. For
the precise use of trees as crop plants we need to be able to describe crown
form functionally — in relation to its branching structure (how the tree grows)
and its efficiency in timber production (how the crown works).
A. Branching morphology
A wide variety of tree crown forms can arise from variation in a few branching
rules. This fact has important implications when framing hypotheses about
the mechanisms that control branching. Tree crowns are comprised of three
basic types of shoot: the main stem, the branches or 'long shoots', which
frequently have indeterminate growth, and 'short shoots', which may carry a
large proportion of the foliage, but which have little influence on crown form.
Four categories of main stem can develop from terminal and axillary
meristems, as illustrated in Figure 1. (a) A single apical meristem may remain
active throughout the life of the tree (Fig. IA). (b) A bifurcating apical
meristem may give dichotomous branching with equal branch development,
or one branch may develop reproductive organs giving sympodial growth(Fig. I B). (c) The apical meristem may generate a number of meristems of
A
Monoaxial
Monopodial
Dichotomous
Sympodol
Sympodial
Monopodial
and
sympodial
FIGURE I. Four categories of main stem branching and development in trees, and
their influence on crown shapes.
A. Only the main stem extends.
B. Left: bifurcation with equal vegetative axes; right: bifurcation with vegetative and
reproductive axes.
C. Main stems and branches have unequal growth potentials.
D. Main stems and branches have equal but mixed growth potentials.
14. Branching and timber production 231
unequal growth potential, producing crowns with orthotropic main stems.
These can be monopodiums, or sympodiums — where the main stem develops
from a lateral shoot either with (proleptically) or without (sylleptically) a
period of correlative inhibition (see below) from the apical bud (Fig. IC). (d)
Main stem branches may be produced by multiplication of the apical meristem,
giving shoots which, at different times, may become branches or main stems
(Fig. ID). Both monopodial and sympodial types occur. Branch-like (plagi-
otropic) main stem tips can later become erect by producing reaction wood
and, in sympodial types, erect main stems may become plagiotropic.
Lateral shoots originate from meristems.in the axils of leaves, or, in a few
gcnera such as  Platt,  from meristems apparently differentiated from internode
cortical tissues.  Apical dominance  is the suppression, by the terminal apex, of
buds on the current year's shoot, and can occur both before or after a period
of branch growth (see Phillips 1975).  Apical control is  the partial or complete
inhibition of lateral shoot elongation by the influence of one or more distal
apices (Fig. 2) (Brown  a al.  1967). Broadleaved temperate trees with narrow
excurrent crowns, such as  Poplins,  have leading shoots with weak apical
dominance (over the current year's buds) but strong apical control (over the
previous year's shoots), while those with spreading, decurrent crowns have
AI
B1
B2
Sylleptic
•
branches
Proleptic
•
branches
Excurrent
crown
Decurrent
crown
FIGURE 2. Schematic relationship between apical dominance, apical control, and the
develonment of excurrcnt and decurrent crowns on broadleaved trees.
Al. Weak apical dominance of buds on the current year's shoot.
A2. Strong apical control, restricting the growth of shoots produced in previous
years.
Strong apical dominance, preventing the growth of buds on the current year's
shoot.
82. Weak apical control, allowing the active growth of buds produced in previous
years.
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strong apical dominance but weak apical control (Fig. 2). Shoots which are
strongly suppressed by apical control, and produce a rosette of leaves with
little internode elongation, are called 'short shoots', as are the needle fascicles
of pines.
B. Generation of branching patterns
The shoot apices control branching, by influencingthe number of lateral buds
produced, the distance from the apex at which the buds develop (apical
dominance), and the rate of growth of the lateral shoots . relative to the main
stem (apical control). Whilst the physiological control through hormonal,
nutritional and other metabolic processes is still debated (Trewavas 1981),
mathematical descriptions of branch generation have indicated an apparent
underlying simplicity, which may be important in understanding both genetic
and environmental influences.
Rozenberg.and Lindenmayer (1973) used a simple recurrence formula to
describe the development of a compound leaf as a branched structure, pro-
duced initially from a single apical cell. Suppose the cells of a leaf margin
exist in ten states:  b, c, d, e, f,  g, h, i,j, k,  with  a  as  the single starting state,
and ten transition rules govern the developmental sequence:  a—,bc,
c—oek, d—•gb,
 cf,
 ih, hi, h—nle, i—bk, and  k—.k. These rules produce
the following successive generations,
a
bc
kdek
kgbcfk
khikdekihk
kdek kgbelk kdek
kgbcfj khikdekihk khbcfk
khikdekihk kdekkgbefkkdek hikdekihk
Cells in stage  k  define non-growing portions of the leaf (notches) and occupy
positions between developing adjacent leaflets. The last three generations of
this developmental sequence are represented as stages of a developing leaf in
Figures 3A;13 and C. The centre pan of each generation has a string of cells,
which generates the entire string of two steps previously, while its left and
right portions generate the entire string of three steps before. This can be
written as a locally catenative fOrmula for the nth generation, n>5,
a.= an- 3 an-3 (1)
A locally catenative formula, which may have particular relevance to develop-
ment morphology, has the form an = an-2 a n-I . Starting from a single state,
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this formula generates strings with lengths which are the consecutive numbers
of the main fibonacci series (I , 2, 5, 8, 13,  .).
b C
g
• k
• I
k h a
k k
It
FIGURE 3.  The development of a compound leaf, following a theoretical generation
system with 10 basic states and 10 transformation rules between states. A, B and C
illustrate stages of development to the final leaf form D (see text) (from Rozenburg &
Lindenmayer 1976).
A change in just one transition rule can have a dramatic effect on the
final pattern. For example, symmetry in the proposed development of the
compound leaf is maintained by two of the transition rules,  g> hi  and  f> ih .
A change in either, to produce just i, generates branches on only one side of
the structure. Such dramatic changes in tree architecture do exist in nature
(Hallé 1978). The shoots of cassava  (Manihot eseulenta)  normally bifurcate
dichotomously  (as  in Fig. 1B), but a sympodial form also occurs. The normal
crown forms of  Pinus caribea  and  Hevea braziliensis are as in the  left of Figure
IC, but both species can produce single unbranched stems, termed 'foxtails'
and lampbrushes', respectively. Hallé and Martin (1968) produced lamp-
brush trees of  Hevea  by removing most of the leaves when they were young.
Hall6 (1978) listed 21 architectural 'mutants' which involved substantial
changes in branching pattern, although only some of them bred true. He also
noted that considerable architectural polymorphism occurs in most taxonomic
families, and in some genera, which, from an evolutionary standpoint, implies
that within-species genetical varation in braqching does occur.
Just as it is possible to represent bud production and orientation in a simple
manner, so it is possible simply to describe the growth relationships between
lateral branches and their parent shoot. Frijtcrs and Lindenmayer (1976)
advanced a simple formulation for 'paracladial' relationships, where branches
repeat the inflorescence-like structure of the main axis. Only two variables
were required: a delay period before the daughter branch began the repetition,
b (akin to  a measure of apical dominance), and a proportional growth rate,  a
(akin to  a measure of apical control). Repeated application of linear formulae,
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with constant values of a and 6, produced the branching patterns observed in
inflorescences, except that branching at the base was more prolific than
actually observed (Fig. 4). This process can be improved upon if 6, and
particularly a, decline with increasing distances from the main stem apex.
Friners and Lindenmayer (1976) gave procedures for estimating the para-
meters of these recurrence formulae in real trees.
fl
109. x 07 009. - I)
r2'
103. x ^ 13 (l09. 1' 3)
2)
FIGURE 4. Generation of branched structures, with varying degrees of apical domin-
ance, approximated by b (the delay in internode position before development stans)
and apical control, approximated by a (the growth rate of the branch relative to that
of the parent stem). In A, a = 0:5 and b = 2; in B,  a = 0.7 and b I; in C, a = 1.5
andb = 3 (from,Friners & Lindenmayer 1976).
C. Description of branching as a connected system
The bifurcation ratio, Re, is a simple descriptive statistic of the branching
structure as a connected system. It has been used to show how branching
structures vary in a consistent way between broad taxonomic groups, at
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different positions along an ecological gradient, in different environments,
and in different pans  of  tree crowns.
To calculate Rb, branches are classified according to their order, where
terminal sections have order I (Strahler 1957; Fig. 5). These join at nodes to
give branch sections with order 2, and two order 2 branches join to form
branches with order 3, and so on to the main stem. If two branches  of  different
order meet, then the conjoined branch takes the same order as the higher  of
the two. Segments which form one contiguous branch of the same order are
all considered part  of  the same branch (Fig. 5B). Note that, when applied to
a living tree, the ordering system does not necessarily reflect the age  of  the
shoots.
2
3
R. - 9
5
gg.'• g—
P.  3
,R. • 3
Order of bouiches
FIGURE 5. Examples of the bifurcation ratio, Rb, used to describe the branching
structures of trees and other plants. In A, B and C, the numbers I, 2, 3 . . indicate
thc orden of branches.
The logarithm of the number of branches in each order, plotted against the
order itself, typically gives a linear plot, and the antilog of the slope is the
average bifurcation ratio, Rb, of the system; that is, there are Rb times as many
branches in each order as in the next higher order, and the minimum value
of Rb is 2.0 (Fig. 5). As will be discussed, Rb can vary within individual trees,
and most workers have used the formula:
N —N.
Rb — (2)N —N,
where  N  is the total number of branches of all orders,  N. is  the number of
branches of the highest order (and will be 1 if the system is considered down
236 E. D. Ford
to the main stem) andN, is the number of branches of the first order, that is
the endmost branches. Equation (2)averages the value of the bifurcation ratio
over the whole system, giving slightly more weight to the more numerous
lower order branches (Motomura 1947).
Oohata and Shidei (1971) measured the branching structures of contrasting
tree species in Japan, 1-5-7-0 m tall and 2-10 cm in basal diameter, and found
significant differences in Rb between species with different types of leaves,
characteristic canopy sizes and foliage durations (Table I). Those with ever-
green foliage, expecially those with leaves closely adpressed to the stem, and
where the stem was an integral part of the foliage frond, had the highest values
of Rh. Deciduous, broadleaved trees had the lowest Rb values. Typically,
foliage areas are larger in evergreen, and in coniferous, forests than in
deciduous and broadleaved forests. This characteristic seems to be related to
their Rh values, as will be discussed below.
TABLE I. Branching ratios (R,„see Fig. 5) of different tree life forms, measured in
a forest near Kyoto, Japan. Mean 126 values arc significantly different with P<0.05
(after Oohata & Shidei 1971)
Branching patterns giving decurrent crowns, where apical dominance is
high and apical control is low, tend to have low Rb values, whereas branching
patterns giving excurrent crowns, where apical dominance is low and apical
control is high, tend to have high Rb values (Fig. 2). The difference in
Rb values between species broadly parallels their evolutionary advance in
complexity of leaf type. For the primitive conifers, with adpressed leaves,
Oohata and Shidei (1971) reported that the regression of log, (branch number)
on branch order could be extended to include the final 'leaf branch', although
the numbers of these appeared to be slightly, but consistently, higher than
expected in the five species examined. In contrast, for three deciduous species,
leaf number was greater than would be predicted by extending the regression
of loge (branch number) on branch order to zero. However, Barker et al.
(1973) reported that the number of winter buds on two deciduous species
could be predicted by extrapolating the branching regression.
There is a close relationship between the branching pattern of deciduous,
simple-leaved angiospermous trees and their position in the successional
sequence of the deciduous forest of eastern North America (Whitney 1976).
Four shade-intolerant, early-successional species had higher values of Rb (5-9
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standard error 0-95) than three intermediate (41±0.85), and three late-
successional and very shade-tolerant species (3-9±0.25). Whitney (1976)
discussed these differences in relation to the proposal (Horn 1971) that, in
early-successional species, the leaves are randomly distributed throughout the
crown, while, in late-successional, shade-tolerant species, the leaves are held
in non-overlapping monolayers. Populus tremuloides, and early-successional
species with a largeRb (8.6), has a multiranked branching pattern with a large
number of short shoots positioned around large erect branches. By contrast
Fagus grandiflora, with a low Rb (3.5), has highly forked (tending to bifurcat-
ing) branches flattened in  the  horizontal plane.
The environment in which a tree grows may influence its Rb value; fast-
growing trees on good sites may produce more branches, and have larger  Rs
values, than slow-growing trees on poor sites (Borchert & Slade 1981).
I lowever, Rb does provide a useful interpretative statistic in some situations.
Acer saccharinum was classified by Whitney (1976) as a late-successional species
with a relatively low Rb (4.4), but Steingraeber et al.  (1979) found that open-
grown trees hadRb = 3.2 whereas understorey trees had Rb = 7-1 (significantly
different, P<0.0l). Pickett and Kempf (1980) found that  Ater rubnim,  Cornus
flonda  and  Viburnum prunifolium  had significantly larger values of  Rs  when
growing in open fields as opposed to closed forest canopies (P<0.001).
However, this difference may not exist for all species. Oohata and Shidei
(1971) found that Rb was the same on experimentally unshaded and shaded
seedlings of  Quercus phillyraeoides, and Whitney (1976) concluded that open-
and shade-grown Fraxmus americana had similar Rb values, although Pickett
and Kempf (1980) noted that this species was usually under severe stress in
closed forests.
Branching structures can vary within tree crowns. In  Paula permit/611a,Rb
was 5.1 in the upper part of the crown and  4.2 in the lower part (Whitney
1976). In  Quercus rubra,. while Rb did not differ significantly between 16 m
and the top of a 27 m tall tree, the length of both the first-order branches and
the petioles was less at 27 m, and the angles which first-order branches made
at nodes were more acute (44° compared with 77°).
D. Crown dimensions and timber yield
Trees growing in stands differ in crown shape, depending on the species
and the trees' position within the canopy (Fig. 6A,B). The crowns of coniferous
trees (excurrent form, largeRb) are greatest in diameter about two-thirds from
the top (1)1 = 0-67, Fig. 6C), whereas the crowns of broadleaved species
(decurrent form, small  Rt,)  are broadest nearer the tree top (1)1>0.5,
Fig. 6D).
Trees within fully stocked stands differ, in both their absolute rates of
timber production (m3 tree- '), and in their production per unit crown
projection area, crown volume and crown surface area. Assmann (1970)
summarized analyses for stands of Pinus  sylvestnis and  Quercus petraea. In all
stands, large trees had the largest absolute rates of timber production both
between and within three 'social classes' — dominant, codominant and domi-
nated. However,  within  each social class, the smaller trees, which had more
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FIGURE 6. Crown dimensions of forest-grown trees showing typical differences be-
tween coniferous and deciduous species.
A. Idealized crown structure of a conifer.
B. Crown dimensions.
C. Tbe structure of an 88-year-old Pima sylvesfris tree with it crown volume of 87-3 m3.
D. In contiast to C, the crown volume of an 88-year-old dominant Fagus sykarka tree
of similar height (25-30 m) is 356 m3, with the major pan of that volume below the
widest pan of the crown. Note that, despite its smaller crown, the stem diameter
of the Puna sylvestrisis greater than that of. the Fagus sylvattca. A'hypothesis to
explain this difference is described in the text. (Redrawn from Assmann 1970.)
slender crowns and therefore a relatively larger crown surface area per unit
of growing Space, had generally greater timber prOduction 'efficiencies', in
terms of timber produced per unit ground area, crown surface area or crown
volume.
With increasing crown width and crown fullness ratio (CW and CW/l ,
Fig. 6), the relationship between crown surface area and crown volume must
change. As a crown grows, an increasing proportion of its volume is occupied
by a core of supporting branches which carry no needles. This supporting
structure contributes very little photosynthate, but it uses PhotosVnthate both
for wood production and respiration. Each branch Must continue to thicken
along its length in order to support 'the weight of foliage produced at an
increasing distance from the trunk (see below). This demand for photosynthate
by the supporting branches may explain the lower efficiency of stemwood
production of the larger trees in each social class.
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Surface area is the crown parameter which correlates most closely with
stemwood volume increment, both in single species (Hamilton 1969), and
multistorey mixed species stands (Magin 1959).
III. CONTRIBUTION OF DIFFERENT BRANCHES ON
A TREE TO STEM GROWTH
The vertical distribution of trunk thickening, within and below the crowns
of stand-grown trees, has been estimated in anatomical studies (Denne 1979)
and by pruning living branches (Labyak & Schumaker 1954). Branches
contributing most to trunk thickening are at the point of crown interaction
and competition for light, and are generally above the position where branches
have maximum foliage weight.
The contribution by branches to stemwood increment depends both upon
their position in thc canopy and their seasonal pattern of export. A comprehen-
sive analysis of this potential has been made in  Populus in relation to its use
in short rotation coppice in the Lake States of the USA (Isebrands 1982).
Leaves show a distinct hierarchy, in both photosynthetic performance, and
in the destination of exported photosynthate. In two-year-old plants grown
from cuttings, leaves on the cnrrent year's terminal shoots had a high photo-
synthetic rate Over the whole season, whereas leaves on lateral branches had
lower photosynthetic rates which declined in late summer. Two types of lateral
shoots were produced: 'short shoots', comprised solely of leaves preformed
in the bud, and 'long shoots', which also formed leaves during the current
season. Within the mid-crown, shade leaves of long shoots had a higher
photosynthetic potential than those of short shoots, mainly because their
average leaf age was less — there being a general decline in photosynthetic
potential with increasing leaf age during the season (Nelson & Michael 1982).
Very little.of the photosynthate produced by leaves on lateral branches of
Populus was exported to the leader or to other laterals (Isebrands 1982). Prior
to bud-set, export was primarily to the main stem internodes below the branch
and to the supporting branch itself.
Following bud-set, an increa.sing proportion went to the roots. Main stem
height growth was achieved using photosynthate from the main stem leaves,
although after bud-set they too contributed an increasing amount to roots.
Differences in the timing of bud-set among lateral branches influenced the
pattern of export of photosynthate: in the lower canopy bud-set could be three
weeks later than in the upper canopy. However, differences in photosynthetic
rate resulted in a larger total contribution to stemgrOwth from upper canopy
branches.
IV. SOME MODELS OF BRANCH STRUCTURE AND
FUNCTION
The measurements of timber production per unit crown size, reported by
Assmann (1970), suggest that stand production might be increased, if trees
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were grown which maximized the ratio of photosynthesizing mantle to non-
photosynthesizing cones of supporting branches within the crown. This
hypothesis needs to be explored with regard to genetic improvement and
stand management. What inherent attributes of branch growth arc required
to produce efficient crowns? And can improvements in crown `efficiency' be
maintained by management throughout the growth of the stand?
In this section, some models of branch growth are considercd, which, to
varying degrees, all use the concept of 'optimization of biological structure'.
This concept has some disadvantages, which are discussed below, but it also
yields useful insights into the relationship between structure and function.
A. Re and the interception of light
Horton (1945) introduced the concept of Rb to describe the branching networks
of rivers. The Rb of river networks in a wide variety of climates and physio-
graphic settings is about 3.5, varying within narrow limits. Also, the length
ratio between successive orders of tributaries is fairly constant at about 2.3
(Leopold 1971). As a river grows by the joining of tributaries, its course
adjusts to accommodate the increased flow, and Leopold described the steady
state of a river branching system as the result of a balance between opposing
tendencies for (a) minimum power expenditure in the whole system, and (b)
an equal distribution of power throughout the system. By analogy, he sugges-
ted that the branching patterns of trees are a balance between minimizing
energy expenditure in the production of branches, and maximizing a photo-
synthetic surface to provide the most efficient interception of sunlight.
Leopold (1971) produced evidence for this theory in a photographic analysis
of a sunflower plant. By taking photographs from different sun angles, he
found that 51% of the leaf area was exposed to sunlight over a day, compared
with- 46% of a hemisphere with the same total surfacc area. The sunflower
plant had 21 leaves, supported by 3.8 m of petioles and stems, whereas the
length of a second-order branching system needed to suppon the hemisphere,
divided into 21 units, was five metres. Compared with the hemisphere, the
sunflower had a greater surface illumination and less branch support, so that
the ratios of sunlit hours to stem lengths were 4.5 and 2.8 for the sunflower
and hemisphere, respectively.
Tree branching systems do not follow a single branching rule, as river
systems appear to do. Neither do they minimize path lengths (stems) to reach
a network of points (leaves), in the way in which the bronchial tubes (Re=2.8),
and bronchioles  ( Rb = 2.3) do to reach the alveoli in lungs (which Barker et
a). 1973 speculated optimizes bidirectional gas flow). Leopold (1971) proposed
that small and large values of Rb represented two different ecologically based
strategies, in terms of yield .output per unit of energy input. In shaded
situations, self-shading is avoided by producing the minimum branch length
to ensure a regular, non-overlapping leaf distribution; Rb is then small and
there is a continuous outward development from many growing points. In
more open Situations, as occur early in a succession, when typically there is
all-round illumination and a requirement for rapid height growth, Rb is large,
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and there is minimal expenditure on a branch support system between the
main stem and the foliage.
Conifer needles have lower maximum photosynthetic rates per unit area or
weight than deciduous broadleaves (Ford 1984), but conifer needles are
retained for more than one year, and Schulze et al.  (1977a) found that 47%
of the CO, uptake in crowns of  Pkea abies occurred in needles three to four
years old. Thus, for evergreen conifers, there is a premium on Producing a
branching structure which enables light to penetrate to the older needles, and
this is just what a high value of Rb does, at least around the periphery of the
crown. This fact also has an important consequence for the shade crown.
From the results of simulating the light climate of  Ptnus syhiesrriscrowns,
Oker-Blom and Kellomaki (1983) sfiggested that, in most situations, within-
plant shading was considerably greater than between-plant shading, and that
the light conditions of an individual tree were, to a high degree, determined
by its own structure, and particularly by the very clumped nature of foliage.
This structure is also a consequence of a high Rb. Schulze et al.  (1977a)
estimated that, in  P. abies, 71% of the annual CO, uptake occurred in the
sun crown. Also, branches in the shade crown of  P. alms  contributed
considerably less (29%) to seasonal CO, uptake than those of  Paps sylvatica
(48%).
The development of a branching structure with a low Rb value, and its
relationship to light interception, was studied by Fisher and Honda (1979a),
who simulated the branch generating process of  Terminalia catappa. This
tropical species has regularly bifurcating branches, produced in pseudo-
whorls along the main stem, which become dorsiventrally flattened with age.
Each branch produces a cluster of leaves at its distal end, and one of the new
branches of the bifurcation predominates. In successive growth periods, leaves
are produced at the distal end of each branch segment so that the leaf positions
remain unchanged.
Fisher and Honda (1979b) calculated the total simulated leaf area of each
branch, and its horizontal projected area, as branching angles and other
structural features were varied. They attempted to determine the structure
which maximized the average effective unshaded (non-overlapped) leaf area
per leaf cluster, or that which minimized the leaf area produced by a branch
or tier of branches to ensure full light interception.
The measured branching angles for  Terminaha catappa were  0, =  24.4°
SE±0.7° and 02 = 36.9° SE±0.0° for the minor axis. (That is, when a branch
bifurcated, one went 24.4° to the left, the other 36.9° to the right.) The
conditions in the simulation model which most closely reproduced these
angles were second-order branching and either uniform or mixed symmetry
in the tier of branches, ic the first 01 was in the same or in mixed directions
for successive branches around the pseudo-whorl. Optimum branching angles
varied, as both the number of branches in a tier, and the order of branching
were increased. Branching angles which produced optimum light interception
became increasingly asymmetric (ie the difference between 0, and 02 in-
creased) as branch order was increased, a situation  not  found in real trees.
Thus, it is possible to design trees which are more efficient in light interception
than those which exist! Of course, other aspects of the growth process must
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be considered. Fisher and Honda (1979a) found that the ratio of branch
lengths between the two arms of the bifurcations was considerably lower for
measured trees than those giving optimum light interception simulations.
They suggested that branch length ratios were more closely related to consider-
ations of branch strength than to light interception. Whilst Fisher and Honda
(1979a,b) demonstrated the effectiveness of a bifurcating branching system in
intercepting light, they also revealed constraints which may have limited the
evolution of an optimal structure.
B. Wood increment and branch support
Therole which branch length may play in foliage display must be Considered
in relation to the weight of the branch itself. A branch deflects under its own
weight (Fig. 7A), and the deflection of the tip, A, relative to the branch
length, depends upon the taper of the branch (McMahon & Kronauer 1976).
If we assume that a branch decreases in diameter — moving outwards from
the trunk — the imaginary point where the diameter is zero is the virtual origin,
A
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FIGURE 7.  Control of branch deflection by the vertical diameter of the branch.
=  kso,  where  k is  a  constant; when 13= 1.5, branch deflection under its own weight
maintains a constant ratio ,d/A (see text).
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v  (Fig. 7B). Then, the taper of the branch in both its vertical dimension,  h,
and its horizontal dimension,  b,  (where  h= b  if the branch is circular) can be
expressed by the power laws:
h = boo  and  b = lz,sa  (4)
where  s  is the distance from the virtual origin,  v,  to the point where the
diameter is being considered, and  Ix,  and k, are constants of proportionality.
If (the rate of taper) is 1.5, the branch is elastically self-similar; that is, the
deflection of the tip,  el,  divided by its overall length,  A,  is a constant, however
much Å may vary, and whatever the value of a (Fig. 7B). Note that the
deflection depends only upon the rate of taper in the vertical direction, so that
a branch in plan view (Fig. 7C) has the same properties of deflection as
square or round section cantilevers. For engineering purposes, beams may be
designed with different tapers to meet different purposes; for instance, if
=2, the beam has uniform stress along both its upper and lower surfaces.
To estimate the relationship between  h  and  s  in tree branching systems,
McMahon and Kronauer (1976) first had to determine an 'average path
length',  L,,  from the point where  h  was measured (distance 10 from the virtual
origin, v) to m end twigs, where:
I
Li= (5-10)= =— S 1„ (5)m ..]
A curvilinear relationship is obtained between  L  and  h, with L  decreasing
more rapidly than  h  at small sizes. This is because the real measurement of
diameter can necessarily only begin at the tip of a twig, and not at the virtual
origin. To estimate  A0 –  the distance from the furthest real measurement to
the virtual origin – McMahon and Kronauer (1976) used an iterative least
squares technique. For the Mean of five deciduous trees, they found 3= 1.50
with maximum 1.66 and minimum 1.37. To augment these estimates of 13,
McMahon and Kroriauer (1976) used an interesting property of beams – their
natural frequency when freely vibrated is related to fs.In particular, for
fi = 1.50, the natural frequency of vibration is proportional to Ay' with
=  –0.50. McMah6n and Kronauer measured the natural frequency of
branches of different lengths, and of whole trees, both with and without
leaves, and found an average exponent,  tp =  –0.59. They concluded that the
taper of vertical branch diameter approximated to the model of 'elastic
similarity'. Because vertical branch diameter controls the mechanical proper-
ties of branches, trees may have yery different Rb values, yet have the same
mechanical  design. They proposed that maintaining a constancy in branch
taper ensured that tree Crowns maintained their regular form as the tree grew.
C. Interactions between Re, branch strength, branch growth and
stemwood increment
Whilst, in engineering terms, the bending properties of branches and trunks
may be independent of Rb, the requirement that branches should increment
a specific amount of wood to maintain a certain taper obviously places a specific
demand for photosynthate upon the foliage. The pattern of photosynthate
movement in  Populus  described above indicates that, after the first year of
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FIGURE 8. Diagrammatic representation of a model, describing thc effect of varying
the annual investment in new foliated shoots on branch thickening and photosynthate
export to the trunk.
growth, branches do not import photosynthate. If we assume this hypothesis
to be generally true, then the investment in new foliage, the requirement for
branch thickening, and the export of material to the stem together constiiute
a dynamic system (Fig. 8). This system 'was simulated for a conifer branch
growing in its second year, where the branching frequency, Re: the rate of
taper in branch diameter, fs,and the exponential rate of decline in 'photo-
synthetic rate per unit needle weight with age were all varied (Fig. 9). An
eight-month growing period was assumed, and the simulation calculated the
amount of new foliated branch produced to optimize export to the stem. The
optimal branch length was sought, by allowing the 'duration' 6f shoot exten-
sion to vary, during which time all of the photosynthate from the old foliage
and 50% of that from the new foliage went to pr6duce new branch length and
associated needle weight. New branches were all 'grown' from the distal end
of the previous year's branch. During the period after shoot elongation was
completed, photosynthate was first allocated to branch thickening — to the
diameter required by (3 using measured constants — and the remaining photo-
synthate was exported to the trunk. Whilst investment in new branch increased
the total photosynthate produced, the additional length obviously placed a
greater demand on photosynthate for branch thickening.
As Rb was increased in the simulations, so the material returned to the stem
increased, as also did the total length of new shoot produced. That is, it cost
less, in terms of branch thickening, to produce new shoot length on many
rather than few branches. This is a crucial feature of branch design.. The
duration of shoot growth which maximized export to the trunk also increased
with increase in Rb (ie finely divided branches should grow for longer),
because there was less requirement for branch thickening material (Fig. 9).
Decreasing 13 increased the material exported to the trunk.
10
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FIGURE 9. Results of simulations of the effect of varying the bifurcation ratio,  Re,
(over the range 2(0 8) and the coefficient of branch diameter thickening,0,on branch
growth and the export of photosynthate to the trunk. Values used were those measured
on  Picea sitchensis (Ford I982a, and unpublished data): initial branch length was 25 cm
with 0.05 g needles cm- ', wood density 0-5 g cm-3, photosynthetic rate  Pre=  3.5*
0-7'-', branch diameter at 5 cm from the tip, d = 0.004z# where  v  was the 'virtual
origin' (see text and Fig. 7).
D. Are branches optimum structures for stemwood production?
Models of the type described above could be used to develop specifications
for the branching structure of an ideotypc. However, the use of optimization
criteria requires great care.
It may not be valid to assume that branching structures mrximize photo-
synthetic gain per unit investment in branch material. Natural selection
operates through breeding success, and features other than simply the growth
rate of the plant can influence this factor. Fisher and Honda (1979b) drew
attention to Ashton's suggestion that the adaptive value of the pagoda habit
in young plants is the ability rapidly to expose new leafsurfacein dense layers
above competitors (Ashton 1978). Equally, it may not be valid to assume that
branching structures develop to optimize light interception, because factors
other than light may limit growth. Paltridge (1973) modelled tree growth and
structure as a balance between light interception and water stress, which he
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considered would be likely to increase as trees become taller. This balance
was also the underlying rationale of Brunig's (1976) classification.
When modelling branch growth, the criteria should include the selective
pressures under which the tree has evolved, and the environmental conditions
under which it currently functions. Selective pressures determine the geno-
type, and so set the rules which branching follows. However, as with any
character, there is heterogeneity within populations, and in the broad ecologi-
cal context there may not be an optimum structure for individuals within a
species. Continued breeding success requires sufficient variation between
individuals to survive under the differing conditions typical of the species
habitat.
•here is also evidence that the control of branching is not completely
rigorous. Cochrane and Ford (1978) fitted statistical distributions to rules
governing branch production, extension and dispersion in Picea sitehensis.
These rules were used in- a simulation model of crown growth (Cochrane
1977). An important feature was that simulated trees were visually 'unreal',
both when the variance was reduced to zero or was dofibled. A similar result
was found in the simulation of rooting patterns (Henderson et al. 1983). These
findings have imporiant implications for our underStanding of biological
branching systems, and for our attempts to fit models to data. Biologically,
the existence of a significant variance term implies a 'slackness' in the control
system under study. Generally, 'Cochrane (1977) foufid that the variance for
relationships within the canopy increased for the slower, less productive
branches.
V. CHANGES IN BRANCHING AND FOLIAGE
AMOUNT DURING PLANTATION DEVELOPMENT
The production and growth of branches change as the canopy of a forest
plantation passes through different stages of development. These changes may
have an important impact on both total timber production and its distribution
between individual trees. A crop of Picea sitchensisprovides an example.
A bud of P. sitchensisextends in one year, and in the next year acts as a
source of whorl and interwhorl branches (Cochrane & Ford 1978). Each bud
may produce a similar sequence of branches, but, as they become submerged
in the canopy, branches gradually fail to produce first their own interwhorl,
and then whorl branches, and finally they fail to elongate at all (Longman, this
volume). Cochrane and Ford (1978) found that, during canopy development,
separate rules governed the production, dispersion and extension of branches
along the main stem of the tree. However, branch dispersion followed consist-
ent rules from year to year. For instance, whorl branches were always arranged
in a spatially regular (not random) fashion around the stem, irrespective of
their numbers; interwhorl branches were absent immediately below their
distal whorl and above their proximal whorl; and the angles between the
vertical main stem and the branchcs increased from the top of the tree towards
the base of the crown, especially for interwhorl branches.
Cochrane and Ford (1978) advanced the hypothesis that there was within-
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tree competition for resources during the early years of growth, which was
related to the numbers of branches produced by a tree on its main stem.
There was a marked decrease in the number of whorl branches produced each
year after the branches of neighbouring trees met ('foliage overlap', Fig. 10),
which was related to an increase in leader growth rates. Prior to year six,
leader growth accelerated by some 5.2 cm yr.'. Between years seven and ten,
the increase in leader increment was 8.2 cm yr-', and over this period annual
leader extension was negatively correlated with numbers of whorl branches
produced per year. While the leaders certainly exerted apical control over the
whorl branches, the whorl branches also influenced leader growth. Individual
trees were affected to different extents by this process, because individuals
differed significantly in the numbers of whorl, and particularly interwhorl,
branches they produced.
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FIGURE 10. Controlling influences on branch growth and canopy function in a
developing plantation of Pticea sitchensisin Scotland.
From year I 1 onwards, mean annual height increment stabilized. Large
trees produced most branches, and had greatest leader growth, and Cochrane
and Ford (1978) suggested that this stage in canopy development ('crown
interlock', Fig. 10) marked the onset of between-tree competition. However,
whilst this was apparent in the numbers of branches produced at the top of
the canopy, competition in terms of trunk diameter increment appeared only
at year 16 (Ford I982a). This delay may reflect the length of time taken for
changes in the top whorls of the tree to have an effect on wood production in
the trunk.
At year 16, new shoot production shifted from being evenly distributed
throughout the crowns to being concentrated at the tops. The canopy changes
quite quickly, from being akin to a collection of long but bush-like crowns,
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to a two-tier mixture of a few dominant trees and many dominated trees.Associated with this change, there was a decrease in leaf area index of 11%between years 16 and 18 (Ford 1982b). Similar decreases have been found inplantations of other coniferous species at the same stage of development — for
instance, 24% during two years after attaining a maximum at age seven inPinus radiata(Forest & Ovington 1970) and 23% during the 20 years following
a maximum at age 11 in Cryptomena j ponica(Kira & Shidei 1967). Isebrands
and Nelson (1982) discussed the same effect in short-rotationPopulus , whichthey suggested signalled a decline in productivity owing to crown competition.
I suggest that total foliage amount decreases because dominant trees shade
smaller neighbours.by producing lateral branches, while the centres of their
own crowns .become increasingly bare. The foliage 'lost' from the canopy,
owing to the 'decline' of suppressed trees, is not made up by additional foliage
increment on the large trees. Assmann (1970) reported a suggestion made by
Metzger in 1893 that the maximum volume increment per unit land area in
even-aged coniferous forest stands is reached early in the life of the crop,before the insolated parts of the crowns have developed a bare inner core.
VI. GENETIC VARIATION IN STEMWOOD
PRODUCTIVITY AND BRANCHING IN OPEN-GROWN
CONIFERS
In young, widely spaced trees, large within-species genetic differences havebeen found in the production of stemwood relative to branchwood. Matthews
et at (1975) estimated that stemwood production on Pintas vhgtnianacouldbe increased by 30%, if family differences in total wood production could be
combined with differences in stemfbranchwood proportion. They examined
open-pollinated progenies, from 20 Pinus virginianaparent trees, selected
equalfy from naturally well and poorly pruned trees. At the onset of crown
closure (age eight), when branch weights were a large proportion of total
wood weights, families differed significantly in stemfbranchwood proportion
from 0.48 to 0.61 (see Cannell, this volume).
Tallness, sparse branching, and the absence of large basal branches werc
the most important characters positively correlated with large and 'efficient
stemwood production (per unit of foliage mass or area) in clones of Pinus
contortaandPicea sitchensis(Cannellet al. 1983). Seven clones of both speCies
were grown at a lowland 'agricultural' site, and at age eight (before crown
closure) the species had similar stem dry weights (2-76 and 2.87 kg treC',
respectively). However, there were differences between species in branch and
foliage structure. P. sitchensishad only 56% as much branch weight, and61%
as much foliage weight, asPinus contorta.Within both species, there were
significant differences between clones in stem/branchwood propbrtion and in
stemwood production per unit foliage mass and area. The latter (stemwoodproduction per unit of foliage) wasnegativelycorrelated with percentage needle
weight on the tree (ie poorly foliated, sparsely branched trees were relatively
'efficiene).
The potential for exploiting these differences depends on how stable they
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are as the environment changes during stand development. Differences among
clones of P. sitchensisn stemwood amount may reflect differences in both the
overall efficiency of wood production and in the allocation to different tree
parts. Four of the P. sitchensisclones were also grown at a high-altitude site
in a poor soil. At this site, total dry matter production, and foliage amounts
were less by different amounts for the four clones than at the lowland site,
but for each clone the production of total wood (branches plus stem) per unit
of foliage was the same as at the lowland site.
VII. CAN WE INCREASE PLANTATION YIELD BY
GENETIC MANIPULATION OF BRANCH
CHARACTERISTICS?
In the study of Cannellet al. (1983),the principal morphological characteristic
associated with large stemwood production per unit of foliage was sparseness
of branching. This characteristic is also considered to be desirable in the
ideotypes formulated by Dickmann and by Karki and Tigerstedt (this volume).
If such genotypes were grown in stands, would they give an increase in
productivity per hectare?
Crown shape, particularly the ratio of crown surface area to crown volume,
greatly influences stand productivity. If this ratio were kept high for longer
into the rotation, branch thickening would presumably require less photo-
synthate and, because the phase of intense crown competition would be
postponed, a large foliage area might be maintained for longer. However, to
achieve these effects, the trees would have to be close enough to occupy the
site. A precise silviculture would have to be worked out. There may be an
interesting parallel in the potential for increasing grass yields (Rhodes 1971)
or grain yields in maize (Pendletonet al. 1968) by growing more erect-leaved
genotypes — substantial gains can be achieved, provided that a large enough
total canopy is maintained to give high light interception.
I suggest that the possibility of increasing stemwood yields by minimizing
branchwood increment will vary between trees of different branching habit
and broadly, but not exclusively, between conifers and broadleaved deciduous
trees. The essential attribute of the more productive conifer genotypes discus-
sed in the previous section is that they produce less branchwood, so the foliage
they grow is closer to the stem. This decreases the requirement for branch
thickening, and may reduce self-shading in the crowns. In stands, the canopy
would be composed of long columnar crowns, and the strategy should be to
increase the longevity of needles and to increase the 'return on investment' in
foliage. Illumination levels lower down the tree would increase, but of course
other factors, notably nutrition, may also influence needle longevity and
canopy structure (Brix 1981).
Late successional broadleaved trees have low values of Rb. This may ensure
a spatially more even distribution of foliage throughout the shaded portion of
the canopies, but probably implies greater investment in branch thickening
per unit length of branch. The growth strategy of these broadleaved trees is
different from that of conifers, and probably the strategy for tree improvement
should differ also.
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In field trials of clonal  Triplochiton scleroxylon,  Leakey and Ladipo  (1985)
found. that, at wide 4.9 m spacings, the trees with fewest branches per unit
length of stem were tallest and had greatest stem diameter after 18 months.
However, after canopy closure and some branch abscission, there was an even
stronger positive relationship between stem diameter and the total number of
branches remaining on the trees. Leakey and Ladipo (1985) suggested that,
after canopy closure, the ability of branches to survive shading, and not self-
prune, became an important determinant of stemwood yield. So, whilst an
effective strategy to increase the productivity in conifers might be to concen-
trate on increasing crown surface area, it might be insufficient in those
hardwoods which achieve a substantial proportion of their stemwood incre-
ment from branches in the shaded pan of the crown.
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I. INTRODUCTION
Man's exploitation of trees has long involved their use as human and animal
foods, and as suppliers of timber, fuel and fibres (Howes 1974; Renfrew 1973;
West 1977). This paper examines two aspects of this exploitation: the use of
naturally occurring, or induced, exudations from trees; and the extraction of
particular chemical fractions from detached portions of trees. These two
categories overlap, in that substances which exude from trees can also fre-
quently be extracted from detached portions. The consideration of exudates
and extractives emphasizes products other than foods and fuels, which are
dealt with elsewhere in this volume.
The approach to the 'exudate and extractive' aspect of trees as crop plants
which will be adopted here starts by categorizing exudates and extractives
chemically, and with respect to their location within the tree. This is followed
by consideration of the 'uses' to which the plant puts these products, placing
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them into an evolutionary context by pointing out the range
 of
 'non-tree'plants which produce similar compounds. We then turn to the uses to which
man has put exudates and extractives, and to the prospects for their use in
the future, before presenting some summarizing conclusions.
II. THE CHEMISTRY OF TREE EXUDATES AND
EXTRACTIVES
The data summarized in Table I show that tree exudates and extractives are
mainly compounds of carbon, hydrogen and oxygen: these substances fulfill
their various functions largely without using the potentially growth-limiting
element nitrogen, other than in their inheritance and biosynthesis (nucleic
acids, proteins). We may categorize these compounds (Table I) as carbo-hydrates (low Al,' in xylem and phloem sap; polymers in gums and mucilages);derivatives of acetyl units, both straight-chain and isoprenoid derivatives (oils,
waxes, rubber); phenolics and other non-nitrogenous aromatic compounds
synthesized via the shikimate pathway; the flavonoids, whose two aromatic
rings are produced by different pathways (one by the 'normal' shikimatepathway, the other via acetyl units); and the various nitrogenous organic
cornpounds.
The compounds listed in Table I arc mainly 'secondary products', that is
compounds other than the core of primary metabolites common to all green(in the restricted sense) plants, ie green algae, bryophytes and vascular plants.
The exceptions to this generalization are the components
 of  xylem and phloem
saps and the fatty oils. It is important to note that the secondary metabolitesfound in tree exudates and extractives arc, in many cases, similar to those foundin non-tree vascular plants, and that they have relatively clear biosynthetic
relationships to primary metabolites (Bu'lock 1965). The gums and mucilages
are similar to the matrix (nonlcrystalline) components
 of  cell walls; terpenoid
secondary products are very similar to terpenoid primary metabolites (egphytol and carotenoids); the fatty acid and fatty alcohol components of waxes
are biosynthetically similar in origin to the fatty acids of polar membranelipids; and the phenolics are derived from the aromatic amino-acids. In broad
chemical terms, it is not easy to find exudates and extractives that are peculiar
to trees.
III. LOCATION OF EXUDATES AND EXTRACTIVES
WITHIN THE TREE
A. Anatomical scheme
The major criterion used to classify exudates and extractives is whether they
are normally found inside or outside living cells. This does not, of course,imply that the compolind(found outside living cells were synthesized there:
AL is the relative molecular mass (=
 molecular weight).
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Fahn (1979) discusses the nature of the secretory apparati which are involved
in transporting many secondary compounds from their intracellular sites of
synthesis to their extracellular sites of storage or activity. Similar consider-
ations apply to the occurrence of extractives in vacuoles and other `IPphases'
within the cell: such intracellular spaces are in the same topological relationship
to the 'N' phases2 of cytosol, mitochondrial matrix and plastid stroma as is
the extracellular space (also a 'P' phase sensu Mitchell 1979).
B. Found within living cells
1. The vacuoks of relatively unmodified cells
Matile (1978, 1984) discusses the role of vacuoles in the 'storage' of secondary
compounds. Tannins and other phenolics are examples of extractives which
are often stored in the vacuole (and invariably in a `P' phase).
2. In modified cells: laficifen
Laticifers are modified cells which ramify through some or all of the plant
body in latex-producing plants (Metcalfe 1967; Fahn 1979). 'Articulated'
laticifers consist of a number of cells end-to-end, with more or less complete
dissolution of the cross-walls (cf sieve tube elements); 'non-articulated'
laticifers are single large cells. Laticifers generally grow intrusively between
other cells in the plant. The organelle complement of the modified cytoplasm
of laticifers frequently includes lutoids', 'P' phases with the characteristics of
vacuoles or lysosomes (Fahn 1979; Marin  et al-1982).  Laticifers are turgid
and, accordingly, exude latex when injured.
3.  In modified cells: sieve tubes
Phloem sap is contained in `super-symplastic' sieve tubes, made up of sieve
tube elements in angiosperms, and a few other vascular plants, and of sieve
cells in most non-angiosperm vascular -plants (Canny 1973; Raven I977a,b).
The high concentrations of sugar alcohol or oligosaccharides (IV mol C
see Passioura 1976; Lang 1978) in the phloem sap lead to a substantial net C
flux along the phloem (some 5 mol C (m2 sieve tube trans-sectional area)''
s- '), assuming the observed velocity of mass flow of 0-5 mm Phloem sap
also contains nitrogenous and inorganic solutes at lOwer concentrations than
the sugar derivatives.
Phloem differs from laticifers in the nature of the cytoplasmic constituentg,
and in the occurrence of flow: while laticifers seem to show rnass flow only
after injury, flow occurs in intact sieve tubes, although it may be hastened by
2 The 'N' and 'Pterminology to categorize intracellular, membrane-bounded compartments
was introduced by Mitchell (1979). The basis for the terminology is the electrical potential
difference generated by primary active cation (1-1', Ca2*) transporters: such transpon
renders the 'N' phases electrically negative relative to the phase, 'N' signifying negative and
'P' indicating positive. 'N' phases have functional nucleic acids, contain a high concentration of
protein with hundreds or thousands of different protein species, and have ADP-phosphorylating
and ATP-dephosphorylating systems. 'P' phases have a much lower diversity of proteins, lack
functional nucleic acids, and cannot phosphorlylate ADP.
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injury, provided sealing phenomena do not come into operation (Eschrich
1975; Fisher 1983).
C. Found outside Jiving cells
I. Within the  plant
(a) In or on cell walls. Tannins can occur in or on the walls of dead cells in
xylem and bark.
(b) In lysigenous cavities. Lysigenous cavities within plants develop primarily
by the dissolution of cells, rather than by the separation of cells. Tracheids
and vessels in the xylem retain lignified, compression-resistant walls; and
mucilage, gum and (in Eucalyptuspp.) lino' ducts generally have the cell
walls torn apart or enzymically removed (Fahn 1979). Lysigenous ducts
generally contain hydrophilic polysaccharides in mucilage ducts.
The xylem is generally under tension in a transpiring tree (Pickard 1981),
making it difficult to extract the sap (eg Fergusonet al. 1983). Furthermore,
the concentration of organic solutes in the xylem sap of transpiring plants is
generally low, being in the 'order of 10 mol M-3 (see Raven 1983). Positive
pressure can occur in tree . xylem; it may result from classical 'root pressure'
in both conifers and angiosPerms(White et al. 1958; Davis 1961), but, in
terms of extractives, the more important phenomenon is the one responsible
for the exudation of a sugary solution from wounds in various north-temperate
deciduous trees in the early spring. This mechanism (Tyree 1983) is related
to gas behaviour in the xylem when freezing at night alternates with warmer
daytime conditions; the sugar and other organic components would, in the
unmolested tree, be used for the spring flush of growth (Essiamah 1980).
Mucilage ducts and cavities are constitutive in, for example, the Malvales;
traumatic gum ducts are found in the Rosaceae/Prunoideae, and (as 'kino'
ducts which also contain polyphenols) in some species of Eucalyptus(Fahn
1979).
(c). In schizqgenous cavities. Schizogenous cavities within plants develop
primarily by separation of cells, rather than by dissolution of cells. Examples
are the protoxylem canals (= carinal canals of Equisetwn)formed when the
earliest-formed xylem is torn apart by continued elongation of the plant axis;
resin ducts; essential oil ducts and cavities; and most of the intercellular gas
spaces of vascular plants and bryophytes (Fahn 1979; Sifton 1945, 1957;
Roland 1978).
The protoxylem (carinal) canals of Equiserumhave been shown io function
in transpiratory water movement (Bierhorst 1958); the extent to which they
can operate under tension is unclear in view of the absence of a compression-
resistant wall (Raven 1983). The solute content of such canals is probably
similar to that of the xylem of the same plant.
Resin ducts are common in the Pinaceae and the Leguminoseae; the
constitutive or traumatic nature of the ducts is variable between genera of the
conifers (Fahn 1979).
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Essential oil ducts and cavities are present, for example, in the leaves of
Eucalyptusspp.  (Fahn 1979).
(d) Someconclusions.Insofar as generalizations are possible, it would appear
that lysigenous cavities most commonly have hydrophilic contents (dilute
aqueous solutions in xylem; hydrophilic polysaccharides in mucilage and gum
ducts), while schizogenous cavities generally have hydrophobic contents (resin
and essential oils; gases, whose presence, under conditions in which cell wall
water is not under tension, demands a relatively hydrophobic cell wall surface).
2.  Outside the plant (the plant surface)
(a) Waxes. It is likely that all externalcuticle of vascular plants has some wax
on its surface (Juniper & Jeffree 1983). Wax is secreted by epidermal cells
through the cuticle rather than via special glands (Fahn 1979; Dell & McComb
1978).
(b) Surface resins. These external resins are generally produced by special
glands (Fahn 1979; Dell & McComb 1978), analogous to the secretory cells
which line the internal resin ducts (see C.I.c above).
(c) Externalization of products which  were originally  secreted within the
plant. The waxes and external resins mentioned above are elaborated by the
surface cells of the plant, and are secreted across the plasmalemrna of these
cells. Many other secondary compounds which are secreted across the plasma-
lemma of cells within the plant body (internal resins; mucilages) or are
contained within specialized cell systems (latex) reach the plant surface,
expecially as a result of damage to the plant.
IV. THE FUNCTIONS OF EXUDATES AND
EXTRACTIVES IN TREES
This section is bound to be less rigorous than other pans of the paper, because
it is very difficult to establish the role of secondary plant products with the
same certitude as attaches, for .instance, to the assertion that chlorophyll is
essential for photosynthesis. Even if a possible role can be established (eg by
demonstrating that a natural product is toxic to phytophages), there remains
much complex experimSnation to be carried out before it can be shown that
the natural product is adaptive in the sense of conferring a selective advantage
to the tree in its natural habitat. Osrnond et al. (1980) point out that a
comparison of the fitness (reproductive success) of different genotypes in the
same environment is necessary in order to establish that a trait, present in
some genotypes but not in others, is selectively advantageous, and even
then the results are not immediately transferable to performance in other
environments. The generation time of trees is such that they are not ideal
experimental material for such investigations. However, it is useful to consider
likely functions of secondary metabolites in trees, in order to give some idea
of the effects on tree performance of increasing the production of some useful
metabolite, or of reducing the Moduction of some undesirable secondary
metabolite (eg from the point of view of pulp production)..
260 J. A. Raven
A. Modifiers of the physical and chemical environment
1. Modifications which may be desirable
We may envisage that modifications to the physicochemical environment of
the plant could be of some selective advantage, if they enhance its capacity(a) to acquire scarce; growth-limiting resources, (b) to limit the acquisition of
resources present in potentially damaging excess, (c) to conserve scarce
resources which are already Within the plant, and (d) to moderate the effect
on the plant of environments which may lead to extremes of plant temperature.
2. Modifications of the light environment
The effect of exudates here is largely one of decreasingthe absorption of light
in environments with very high photon flux densities, thereby lessening(a)
the possibility of photo-inhibition of photosynthesis (Osmond 1981), (b)
damaging increases in leaf temperature, and(c)the amount of water transpired
per unit carbon fixed (Farquhar & Sharkey 1982). While waxes are most
generally thought of in the context of exudates which increase leaf reflectance,
resins may also fulfill this important role in some arid zone woody plants
(Dell & McComb 1978). Extractives may have a role in absorbing potentially
damaging 'ultraviolet light before it can be absorbed by more Sensitive plant
componenis (Caldwell 1979). Exudates and extractives do not appear to have
a well-defined positive role in enhancing acquisition of light in low-light
environments, for instance within or below the main tree canopy.
3. Modification of  water relations'
Enhanced light reflectance can improve the water use efficiency of plants in
high photon flux density. environments by reducing (a) photo- and thermal
inhibition of photosynthesis, and (b) transpiration at a given stomatal conduct-
ance. Wax (and resin?) may also serve to reduce . cuticular water loss by
improving the waterproofing of the leaf. Schonherr and Merida (1981) showed
that the water permeability of monolayers of fatty alcohols wasbakedfor each
(-0-12-012—) unit added in the range C16—C22, so that a monolayer of
the C22 alcohol had as low a water, permeability as eight monolayers of C„
alcohol in series. This important work confirmed the the compositionof the
wax layer, rather than the quantity per unit area of plant surface, was of great
significance for waterproofing plants, and helped to explain why many of the
aliphatic components of plant waxes have such long chain-lengths (Juniper &
Jeffree 1983).
4. Modification of  nutrient relations
There is a substantial body of evidence showing that nutrient losses (by
leaching) from leaves of plants of nutrient-poor environments are lower than
those from leaves of plants of nutrient-rich environments, and that this fact
is attributable to a difference in the thickness of their cuticles and wax layers(Chapin 1980). In addition to decreasing the permeability of the plant surface
to nutrient solutes, surface wax (and resin) may also increase runoff of water
(water-repellency, sensuCrisp 1963), thus decreasing the time over which
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surface water is present to act as a sink for nutrient leakage. Runoff of surface
water is also important in terms of increasing the potential to acquire the
nutrient carbon dioxide (see Raven I977b).
5. Modtfication of thermal  relations
We have already seen that reflection of very high photon flux densities by
exudates can have important effects on leaf temperature. At the other extreme
of temperature in the plant habitat, Juniper and Jeffree (1983) point out that
water-repellency may, by removing surface water, improve frost resistance in
glaucous ecotypes of Eucalyptuspecies. If surface water does remain, frost
resistance may be increased by the secretion of antifreeze compounds into this
water (eg the afro-alpineLobelia keniensis:see Juniper & Jeffree 1983).
An extreme aspect of the thermal environment is fire. While tree exudates
and extractives are probably not very important in protecting(by insulating)
the organism from the effects of fire, they may be important fuel for fires.
Essential oils are present in relatively high concentrations in the atmosphere
around many woody plants of arid and sub-arid regions (Juniper & Jeffree
1983), forming explosive mixtures, and the oils still present in the leaves
render them more flammable. It is likely that many of the woody (and
grassland) communities of seasonally dry habitats (comprised of fire-resistant
plants which are also fire-promoters) owe their existence to fires, which
prevent the growth of other plants which arc less fire-resistant and fire-
promoting, but which might out-compete the 'fire' plants in the absence of
fairly frequent fires (Minch 1970; Gill et al. 1981). Could it be that drops of
exuded gum or resin act as spherical lenses which ignite dead leaves or bark?
It would seem that today's fire-dominated communities of eucalypts and pines
(Mulch 1970) could have had analogues at least as far back as the lower
Carboniferous, not long after the woody habit evolved in the middle and
upper Devonian (Cope & Chaloner 1980; see also Section IV.B.2).
B. Modifiers of the interaction between trees and other biota
I. Modifications which  may be desirable
Wemay envisage that modifications of biotic interactions would be selectively
advantageous if they (a) reduced competition with other phototrophs for
scarce resources, (b) decreased the extent to which trees were consumed by
biophages, unless these were of benefit to the tree (eg mycorrhizal fungi
increasing P uptake; rhizobial or actinorhizal associations fixing atmospheric
N2), or (c) modified the activities of necrophages and chemolithotrophs (eg
by decreasing the rate of nitrification, thus making ammonium available to
the tree).
2.  Modification of  competition with other phototrophs
The role of exudates and extractives in maintaining fire-dependent woody
communities has already been mentioned. The significance of allelopathy,
that is the inhibition of growth of a phototroph by exudates or extractives
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from another phototroph, is still a matter of dispute (Harborne 1982; Newman
1978).
3.
 Modification of biophagy
A major role for secondary plant products as regulators of phytophagy now
has widespread support (Rosenthal & Janzen 1979; Harborne 1982). Trees
whose 'apparency' (longevity and size) is high, would appear to be particularly
at risk from phytophages: hoWever, any cost-benefit analysis of investment of
resources in chemical defences must take into account, not only the likelihood
of loss of biomass to phytophages in an 'undefended' plant, but also the cost
of the defence system in relation to the cost of replacing the lost biomass from
scarce resources. If nitrogen is the limiting resource for a tree's growth, and
also the nutrient most sought by phytophages, then defence of plant nitrogen
with mainly non:nitrogen-containing compounds might well be advantageous
in a cost-benefit analysis.
Dell and McComb (1978) recently reviewed the data on antiphytophage
activity of internal resins, and concluded that the evidence is most convincing
for an anti-insect role for resins: evidence relating to an antifungal or anti-
bacterial role is more equivocal. The finding that the prodtiction of gum,
mucilage, resin and latex is often increased after phytophage (or even mechani-
cal) damage tit trees, is consistent with a defence role for these compounds(Dell & McComb 1979; Rosenthal & Janzen 1979; Fahn 1979; Harborne
1982). Recent data (Baldwin & Schultz 1983) show that volatile pheromones,
evolved by a wounded tree, can induce the synthesis of putative defence
compounds in neighbouring, undamaged trees of the same species. This
apparently altruistic behaviour among trees may help to limit overall biophage
populations, and hence benet the tree that isiues the warning in the long
run. Juniper and Jeffree (1983) discuss the effects of surface wax on biophagy
by fungi and insects, and suggest that, while a water-repellent surface is
generally a more effective barrier to biophagy than a less water-repellent
surface, this effect is not universal.
Turning to the interaction of trees with  beneficial biophages, we find that
the micro-organisms concerned  (Rhizobium  and  Frankia  related to N2 fixation;
Glotnus  and various basidiomycetous fungi associated with enhanced acquisi-
tion of P and other nutrients) only infect subterranean plant organs (Raven
1983; Nadkarni 1981). These pans of trees are poorly endowed with such
exudates (secretions) as waxes and external resins. This may render infection
by the symbiotic organisms easier than would be the case for the better
protected aerial pans of the plant: but, alas, this argument also applies to
parasitic and grazing biophages! A role for exudates in attracting the symbionts
to the plant surface cannot be ruled out at present (Smith & Walker 1981;
Walker & Smith 1984), while extractives (eg tannins) may function in delimit-
ing the fraction of the tree's tissue which is accessible to the symbitint(Harley & Smith 1983). Mycorrhizal infection  (Glornus) of the guayale shrub(Parthenizon argentatum)  increases the latex content, but not the resin content,
of the biomass relative to the content of non-mycorrhizal plants (Bloss &
Pfeiffer 1984). The explanation of this finding may be significant for latex
production.
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4. Modification of  the activities of  necniphages and  chemolithotrophs
The only point which will be made here relates to the effect of phenolic
extractives on the activities of the chemolithotrophic bacteria, which conven
the ammonium released by necrotrophs into nitrate. Rice and Pancholy (1972,
1973, 1974) and Rice (1974) have shown that the activities of these nitrifying
bacteria(Nitrosomonasand Nitrobacter)are more inhibited by phenolics than
are the necrophages which regenerate ammonium from dead plant (and
other organic) material, or the plants which reconvert inorganic nitrogen
(ammonium or nitrate) into organic nitrogen in the plant. Accordingly, the
occurrence of plant-derived phenolics in 'climax' communities, particularly
forests, can short-circuit the nitrification-nitrate assimilation pans of the
nitrogen cycle, thus lessening the possibility of leaching nitrogen as nitrate,
and eliminating the energy (and, indirectly, water) costs of nitrate assimilation
as compared to ammonium assimilation by the plant (Raven 1984a).
C. Phylogeny of exudates and extractives
I. Taxonomic dtstribution
We have already seen (Section II) that the exudates and extractives produced
by trees are biosynthetically related to secondary products in other plants,
and to the primary metabolic 'core' of phototrophs. The secondary metabolites
which are related to tree exudates and extractives have a variety of apparent
'uses' to the plant, some of which differ from the 'uses' of exudates and
extractives of trees outlined above.Xylemand phloemsaps appear to have
similar functions in all vascular plants. Xylem sap is analogous to the hydrome
sap of bryophytes; phloem sap is analogous to the leptome sap of bryophytes
and the sap of the phloem-type tissue of many of the larger brown algae
(Raven 1977b, 1984b).Alucilagesare found in many plants: Boney (1981) has
succinctly discussed the multitudinous functions of algal mucilages.Essential
oilsare found in many herbaceous vascular plants where, in animal-pollinated
herbs as in animal-pollinated trees, they may attract pollinators (Harborne
1982).FauY oilsfunction as food reserves in a very wide range of plants.Latex
is found in many non-tree vascular plants, including the heterosporous aquatic
fern Regnellidium(Labouriau 1952); its function in these plants is presumably(asin trees) that of chemical defence (Metcalfe 1967).Waxesare found on the
surfaces of essentially all terrestrial vascular plants. Non-vascular eukaryotic
phototrophs can also produce true waxes (ie long-chain fatty acid esters of
long-chain fatty alcohols, as opposed to solid triglycerides). Euglenawax
functions as an energy and carbon reserve, which is mobilized during dark
starvation, or in 'de-etiolation' of chemo-organotrophically grown cells (Ro-
senberg 1963, 1967; Guehleret al. 1964; Rosenberg & Pecker 1964), and as
a non-toxic and re-usable fermentation product (lnui et a). 1982).Resinsare
found in herbaceous (eg Apiaceae) flowering plants as well as in woody
vascular plants (Howes 1974): surface resins are probably commoner in woody
plants (particularly those of arid regions) than in herbaceous plants (Dell &
McComb 1978).
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2. Evolutionary  origin  and significance of  exudates and extractives
Here we confine our attention to the secondary plant metabolites.
Gums and mucilages,  like other extracellular polysaccharides, may have had
their origin in the glycosyl residues on those portions of integral membrane
proteins which protrude at the 'P' side of the membrane (the extracellular,
apoplastic phase in the case of the plasmalemma). In many lines of phototroph(eg at least thrice in the green algae: Domozych et al.  1980) there has been
parallel evolution of a plant-type, pressure-resistant cell wall from 'glycocalyx-
like' extracellular polysaccharides. Gums and mucilages are related to the
matrix, non-crystalline components of these wall polysaccharides (Boney
1981). Among the functions of cell walls in general, and algal mucilages in
particular, is protection against phytophages: this is also an important function
of tree gums and mucilages.
Essential oils  and  latex  contain terpenoids which are biosynthetically related
to a range of primary metabolites. An early antibiophage role for terpenoid
derivatives may be seen in sporopollenin, a polymerized terpenoid found in
pollen and spore walls of bryophytes and tracheophytes, and as an antiphyto-
phage component in the cell walls of some algae, both extant (Gunnison &
Alexander 1975) and fossil (350 million years old: Brook & Shaw 1971).
Waxes  (long-chain fatty acid esters of long-chain fatty acids) are found
internally in some non-vascular phototrophs: the functions of  Euglena  internal
wax were discussed in Section IV .D.1. Waxes are also found in chemo-
organotrophic prokaryotes and animals (Gurr & James 1971). On terrestrial
plants, and on insects, surface waxes have important water-repelling and
water-resisting functions (Hadley 1981).
Resins  and
 tannins,  inasmuch as they contain phenolics, have parallels as
anti biophage agents in algae, both as 'exudates' (wall components: Gunnison &
Alexander 1975) and as 'extractives' (in vacuoles: Lobban & Wynne 1981).
Phenolics may also have been more important in absorbing ultraviolet light,
at or near the surface of plants, in times past, when the ultraviolet' photon
flux density at the earth's surface was greater than it is today, because there
was then a less effective ozone shield (Lowry
 et al.  1980, 1983; Swain &
Cooper-Driver 1981). Resin ducts have a well-documented fossil history in
the conifers. The conifers and their ancestors in Carboniferous, Permian and
Triassic strata lackti resin ducts: sucb ducts are found in some fossil conifer
woods from the Jurassic onwards (JaM 1976), and fossil resin (amber) from
both conifers and leguminous trees is known (Fahn 1979). Tannins are
commoner in 'woodey' than in 'herbaceous' angiosperms, and are also import-
ant chemical defence compounds in the 'lower' vascular plants (see Table 5.9
of Harbourne 1982).
D. Conclusions
It is clear from
 the  foregoing that even single chemically defined groups of
exudates or extractives can have a multiplicity of effects on the ecology of a
tree, and that modifying the quantity or quality of exudates or extractives
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produced by a tree is likely to have substantial, and largely unpredictable,
effects on its growth and pest resistance.
V. USES TO WHICH MAN HAS PUT TREE EXUDATES
AND EXTRACTIVES
This summary of the uses to which exudates and extractives have been put
by man is based on the compilations by Howes (1974), Erickson (1976),
Vriedrich (1976), Dell and McComb (1978) and Wang and Huffrnan (1981).
Xylem and phloem saps are used as sources of food, and may also be used
medicinally.  Gums and mucilages have found a wide range of uses in the food
industry as a base for lozenges (eg gum arabic), and as a smoothing agent in
ice cream (eg gum tragacanth). Gum arabic is also used as an adhesive, in
medicine, and in inks and water colours. Essential oils  have been used mainly
in flavouring, perfumery and medicine.  Fatty oils  have found uses as foods,
and industrially as coatings, plasticizers, and lubricants.  Latex  has been used
in the food industry and in rubber production.  Waxes have found uses as
coating and lubricants.  Resins have yielded commercially important coatings.
Tannins have been used in tanning leather and in drilling oil wells.
There has also been an increased interest in the use of many of these
categories of exudates and extractives as substrates (feedstocks) for chemical
industries, and as fuels.
For comparison with Section IV, we note that many of the uses to which
man has put tree exudates and extractives are related to the 'uses' of these
components in plants. Thus, the transport saps (xylem and phloem) and fatty
oils are used as 'foods' by the plant as well as by man; the various exudates
and extractives, used as coatings by man, also have protective functions in
the plant which produced them; tannins (and other polyphenols) have protein-
denaturing functions (digestibility reduction) in the plant, which parallels
their use in tanning leather; and the flavouring and perfumery uses of essential
oils recall their use by plants as animal attractants.
VI. PROSPECTS FOR THE FUTURE OF TREE
EXUDATES AND EXTRACTIVES
The first eight decades of the twentieth century have seen increased replace-
ment of tree exudates and extractives by petroleum-based chemicals. For
instance, petroleum 'waxes' (hydrocarbons) have been replacing, or extend-
ing, the use of vegetable waxes, and synthetic rubber has been replacing
natural rubber. Furthermore, petrochemicals have been used in the produc-
tion of such commodities as plastics, which have uses not covered by tree
exudates and extractivés. The economics of the use of petrochemicals are now
such that alternative chemical feedstocks are being sought, and there is
rencwed interest in 'botanochemicals' (including, but not limited to, exudates
and extractives from trees). We shall, accordingly, deal with the extent to
which botanochemicals can replace petrochemicals as chemical feedstocks, as
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well as consider the potential for increasing yields of tree exudates and
extractives.
A. Botanochemicals: tree exudates and extractives as chemical
feedstocks
Figure 1 indicates the routes which may be taken from plant constituents,
and from petroleum, to various commercial products. It will be seen that
there are feasible paths from major plant constituents to all of the major groups
of petroleum-derived chemicals and that, with the exception of the polymers
(plastics etc), there are relatively direct routes from exudates and extractives
to the otherwise petroleum-derived products. Notably absent from Figure I
are dollars per tonne values appended to the arrows leading to the end products
from plants and from petroleum.
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FIGURE I.  Plants and petroleum as sources of commercially important products
(modified from Wang & Huffman 1981).
B. Possibilities for increasing yield
The yield of extractives and exudates can be quite high. Simmonds (1982)
quotes a mean value of 3.7 kg latex tree- ' from seven  Hevea brasiliensis
clones, whose net biomass increase was 35.8 kg wood tree"' yr- I, while Dell
and McComb (1978) show that up to 30% of the leaf dry weight of West
Australian woody plant leaves can be surface resin. In analysing the partition-
ing of photosynthate betweenwood and rubber in  Hevea,  Simmonds (1982)
considers untapped trees whose annual net biomass increase is IV, tonnes of
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wood per hectare. Tapping rubber from these trees decreases their ability to
produce biomass as a result of diversion  of  assimilate toward rubber and other
components removed in the latex, so that the new net biomass increase IV
(tonne wood ha- yr-1) is given by:
W =Wp(1—k)
where  k  is a constant defined by  kWp  (the decrement of wood production
attendant on tapping rubber). Simmonds (1982, his Table 1) shows that  k
typically has a value of about 0:5: that is, a tapped tree has only half the wood
increment per year of an untapped tree. The decrement in wood production
is related to rubber production as follows,
• R  =  karip
where R is the 'rubber yield (tonne ha- ' yr- ) and  c  is a constant, which
is essentially the ratio 'synthetic efficiency of rubber production/synthetic
efficiency of wood production', both of the synthetic efficiencies have the
units g product (g photosynthate consumed)- I (see Penning de Vries  et al.
1974; Penning de Vries 1975). Enhanced rubber yields can be attained by
increasing Wp,k  or c. Simmonds (1982) points out that the methods available
for estimating  c  include non-rubber components in the latex in the denomina-
tor, but not in the numerator (of the definition of  c),  leading to `low' c values
in the range 0.08-0• 13. However,  c  also includes the effect which the diversion
of photosynthates from wood (and foliage) production to latex production has
on the capacity for photosynthesis (see Cannell, this volume). The reason for
calling the  c  value 'low' can be seen if we look at the value of  c  deriv&I from
a consideration  of  biochemical pathways. Following Penning de Vries (1975),
I g  of  glucose substrate yields 0.83 g carbohydrate, Or 0.47g lignin, or 0.33 g
lipid (including terpenoids such as rubber). For a tree whose wood is half
polysaccharide and half lignin, we would predict a c value of 0.51 (ignoring
effects  of  latex removal on tree photosynthetic capacity). Simmonds (1982)
points out that more rigorously controlled investigations are needed to define
Wp, k and  c  so that these components of rubber yield  (R)  can be tackled by
rubber breeders (Borlaug 1983; Farnum  et al.  1983; Sheppard  et al.  1983).
VII. CONCLUSIONS
Tree exudates and extractives have been used by man since before the
Neolithic Revolution, which saw the advent of plant and animal domestication.
The uses to which the human race has put these tree products have, in general
terms, paralleled the uses which plants make of them. Increasing the yield of
exudates and extractives to provide 'botanochemicals' as a supplement to, or
replacement for, 'petrocheMicals' requires more knowledge of the botany of
the trees concerned. Whether such improvement is worthwhile is a matter
which must be decided in relation to the costs of petrochemicals, and alterna-
tive calls (eg for foOd production) for the resources (land, Manpower, ferti-
lizers, pesticides, etc) which are needed to produce botanochemicals from tree
exudates and extractives.
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I. INTRODUCTION
The purpose of this paper is (a) to outline the extent to which wood is used
as a fuel source, (b) to describe the various types of fuel (firewood, charcoal,
liquid and gas) derived from trees, (c) to explain the influence of anatomical
and chemical attributes of wood on its heating value, (d) to detail the stages
of selection and breeding of fuelwood trees, and (e) to draw attention to the
managerial and harvesting characteristics of fuelwood forestry, particularly in
developing countries.
II. WORLD USE OF FUELWOOD
The world use of fuelwood may well have increased ever since fire was
discovered by man. In recent times, the use of wood as a fuel has steadily
increased, despite the use of fossil fuels and nuclear energy. Over the period
1966-80 fuelwood and charcoal consumption increased on average by 0-87%
per year and accounted for over half of all wood used globally (Fig. 1).
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FIGURE I.  World production of roundwood from  1966  to  1980,  showing the propor-
tion used for fuel, as opposed to industrial purposes (data from FAO 1980).
Wood accounts for over 80% of all fuel used in some developing countries,
where it is available in reasonable quantities and where competing fuels are
too expensive. By contrast, in highly industrialized countries, wood seldom
provides more than 10% of the energy used. In general, wherever there is a
subsistence economy based on agriculture, wood is a vital fuel, and it is often
the only fuel available to rural people.
III. FUELS DERIVED FROM TREES
A. Wood, bark and foliage
The vast majority of fuelwood is used in solid-wood form. In developing
countries, wood is usually free to local people; it is cut from forests or bush
and is used mainly for cooking, and, in cooler climates, also for heating. The
wood is not always fully dried before burning, and it is often burned in open
hearths or stoves with a very low efficiency of heat capture.
Bark is often burned as kindling, and it is sometimes used to produce power
in woodworking industries. In some pans of the world, leaves are also burned,
and in Kerala, in southern India:dead coconut palm fronds are burned for
cooking, often after they have been used for thatch for two or three years on
houses.
As a fuel, wood has definite advantages over most other natural organic
products, including agricultural residues, in that it is denser, burns more
slowly and gives more heat per unit volume. Unlike agricultural residues,
wood can be stored in living trees and used when required.
B. Charcoal
Charcoal is obtained by burning wood in a limited supply of air, either in
charcoal kilns, when the only product obtained is charcoal, or in retorts, when
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a variety of liquids and gases are obtained by distillation. The theoretical
charcoal yield is 33% of the original wood weight, but actual yields vary from
30% in modern portable metal kilns to only 10-15% in earth pit kilns.
According to Coombs and Hall (1979), charcoal has about twice the calorific
value of air-dry wood, and 1-5 times the calorific value of completely dry
wood. Therefore, if wood is burned for charcoal alone (that is, the by-products
are not collected) with a 25% efficiency, between half and two-thirds of the
energy is lost.
However, because charcoal is only half as heavy as wood Per unit of energy,
charcoal can be transported over long distances more economically. Charcoal
also has the advantages of burnitigwithout smoke, of giving a concentrated
heat, and of being available in small pieces which can be burned in relatively
efficient stoves. Consequently, the energy loss to the user may be considerably
less than that suggested by the rough calculation given above.
Charcoal is used in many 'countries, and in many ways, from cooking to
steel smelting. In many countries, the annual consumption of charcoal is over
100,000 tonnes and in Brazil it is 1-2 million tonnes.
C. Comminuted wood residues
Sawdust, planer shavings and bark are produced in quantity by forest indus-
tries, and can be used in comminuted form as fuels in especially designed
furnaces or stoves. The 'Dutch Oven' is a large industrial furnace designed
to bum sawdust, by blowing it into a chamber, and directing an air flow
upwards so that the sawdust burns in a free air supply. At the other end of
the scale is a small sawdust-burning stove used for cooking in many parts of
India; this is made from a tin, which is packed with sawdust leaving a draught
up the centre so that the sawdust burns from the centre outwards.
An alternative is to densify, bricquette or pelletize wood residues under
pressure, and sometimes heat, possibly with. the addition of starch or an
adhesive, to give a solid piece of material of desired dimensions. Densification
allows the material to be burned in any fire or stove, and makes transport
simpler and cheaper. Burning is also much slower and lesi smoke is produced
than by non-densified material. However, the energy used in bricquetting is
considerable, and only material of fairly low water content can be used. Also,
bricquetting machines are costly, beginning at about £13,000, although work
is being carried out to develop cheap hand-operated presses (B. Bryant,
University of Washington, Seattle, pers. comm.).
D. Liquid and gaseous fuels
There are four main ways of manufacturing liquid fuels from wood; two use
thermochemical processes (pyrolysis and gasification) to give methanol, a
third uses hydrogcnolysis to produce oil, and a fourth uses a biochemical
process of fermentation with yeast to give ethanol (D. Manning, CFI, Oxford,
pers. comm.). Ethanol is in some ways a superior fuel, but fermentation is
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slow and at least 75% of the energy is lost. The main processes used at present
are pyrolysis and gasification.
1. Pyrolysis
When wood is heated to 500°C in the absence of air, three products are
obtained, with the following theoretical yields: charcoal 33% (as mentioned
above), pyroligneots liquid 49% (comprised of water, 28% of the total yield,
acetic acid 4%, acetone 1-5%, methanol 2.5%, phenols 0-75% and various
other compounds 12%) and gas 18% (comprised of CO, 5% of the total yield,
CO, 11%, alkanes C1C4 I-1%, and other compounds 1.2%).
Clearly, the pyroligneous liquid is full of useful chemicals, such as methanol,
and so its recovery would be viable if there were a ready Market. However,
the setting uji of expensive retorts to recover the liquid, and the development
of further separation methods are not practical in many developing countries,
and so the liquid is usually allowed to escape in the interest of charcoal
production.
The gas is sometimes referred to as 'producer gas'. It has a calorific Value
of 1200 calm-3 and can be used in engines to produce shaft and electrical
energy. Thus, it can be used in diesel engines (with a small amount of diesel
to start up) to give an overall energy yield from wood to electric power of
25%; this is the equivalent of I kg of air-dry wood giving I kw of electricity.
Producer gas was used to power vehicles during the second world war, when
petroleum was scarce.
2. Gasification
Wood canbe totally gasified at temperatures Of around 900-1000°C. The
composition of the gas depends on the conditions Of gasification: If the wood
is gasified in the presence of air, the gas containsN2 (about 50%), CO, CO,
and Ell. This gas can be used in the same way as producer gas, but it has a
lower calorific value owing to the high content of inert nitrogen. If wood is
gasified in the presence of pure oxygen, the gas contains CO (40%), CO,(25%), H2 (24%), alkanes (10%) and other gases(1%).
The siandard gasifier has three stages of operation:(a)drying; (b)pYrolysis,
and (c) gasification'of charcoal and liquids. Design differences occur onlY
the way in which the air or oxygen is introduced into the reactor; that is, it
can be an up-draught , down-draught or across-draught gasifier.
The oxygen-blown gas has a calorific value similar to that of producer gas;
however, its value lies in its synthetic potential. If the gas is cleaned and the
CO, is removed, the remaining gas consists of CO and1-12;this is then called
'synthesis gas', because liquid fuels and other chemicals can be obtained from
it.
Methanol is produced from synthesis gas, by adjusting the ratio of CO:H,.
so that their stoichiometric concentrations are in the ratio 1:2, and then
reacting the two gases under high pressure and temperature in the presence
of a (CuO—ZnO) catalyst, thus:
CuO/ZnOCO+2H, _ CH2OH
Methanol is a very versatile chemical and fuel. It can be mixed with petrol in
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a 1:10 ratio and used in a normal petrol engine with no major alterations; in
fact, it increases the octane level of the petrol and reduces pollution levels. It
can be used in its pure form in especially adapted methanol engines, although
it has a lower energy value than petroleum. Methanol can be convened with
90% efficiency to high quality petrol (C, to CH) using the Mobil method, in
which it is heated under pressure in the presence of a zeolite catalyst. Also,
methanol is an important chemical feedstock.
3. Hydrogenolysis
I lydrogenolysis is a developing technique for the production of oil from wood.
In this process, the wood is directly hydrogenated using CO and/or H, as
the reducing agent. The technique requires high temperatures (400°C) and
pressures (100-400 Bars) and an alkaline solution of wood pulp or cellulose
slurry. So far, about 25% of the wood weight has been convened to high
energy oil (similar to crude oil) which has to be fractionated for use as a fuel.
In conclusion, it is clear that wood has a large potential as a fuel source. In
southern Britain, a mixture of wood and agricultural residues could be used
to produce methanol at a cost per heat unit only 2.3 times greater than that
of producing petrol from oil (G. King, AERE, Harwell, pers. comm.). The
technologies for wood conversion to fuels should be developed further, so that
they are ready for use when supplies of fossil fuels are depleted. Meanwhile, the
current uses of charcoal and solid wood should be made more efficient by
using well-designed kilns and stoves.
IV. CHARACTERISTICS OF WOOD AS A FUEL
A. Carbon/hydrogen ratios and calorific values
The amount of energy or heat that can be obtained from wood, or any organic
fuel, depends very largely on the quantities of carbon, hydrogen, oxygen,
sulphur and nitrogen contained in the fuel (Bialy 1979). The combination of
carbon and hydrogen with oxygen, to give the end products of carbon
dioxide and water, is the basic heat-producing reaction, and therefore the
carbon/hydrogen ratios determine to a large extent the quantity of heat
available from a given quantity of fuel. In general, the larger the percentage
of hydrogen, the greater the heat available.
Wood is remarkably consistent in the proportion of hydrogen it contains,
ranging from 5.8% to 6.3% (Carman 1950), while the average percentages of
carbon and oxygeriare 49-5% and 43-5% respectively.
Rcsin-free softwood contains, on average, 43% cellulose, 29% lignin and
28% hemicellulose, while hardwoods contain 43%, 22% and 35%, respectively
(Anderson & Tillman 1977; Doat 1977).. The gross calorific value of cellulose
is 17-5 MJ kg- ', while for lignin it is 26.7 MJ kg-', and for resin 34.0 MJ kr.
It follows, therefore, that the higher percentages of lignin and resins in
softwood should give higher calorific values, but, in fact, the values for
softwoods and hardwoods overlap, and most species vary between 18 and 21
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MJ kg with outside limits of 15 and 25 MJkg- '. Wood, therefore, is
relatively constant in the total amount of heat it will give per unit dry weight.
B. Density and water content
The effectiveness of wood as a fuel depends greatly on (a) its density, which
affects its rate of burning and general combustibility, as well as the amount
of heat produced per unit of wood volume, and (b) its water content, which
has a very marked effect on how much heat is produced, wood with a 25%
water content (water/dry wood weight x100) produces only 96% as much heat
as dry wood, while wood with a 100% water content (ie half water by weight)
produces only 86% as much heat, provided combustion is complete. The rates
of burning and the emission of smoke by wood are affected by its water
content, as is the completeness of combustion, because wet wood burns at a
relatively low temperature, so that smaller quantities of volatiles are combusted
and more are driven off with the steam. Earl (1975) quoted heating values of
84% and 66% for wood with 25% and 100% water contents, respectively.
Also, wet wood is difficult to ignite. Tillman (1978) stated that wood with a
100% water content needed about six times as much heat to be applied to it
for ignition, compared with wood having a 25% water content.
Clearly, with problems of ignition, low heat yield, soot and smoke, there
is a strong case for drying wood before it is burned, especially when it is used
in open fires in small kitchens. Air-drying of wood to 'fibre saturation point',
or just below, gives almost as much benefit as drying to a lower water content.
Wood density affects not only the total amount of heat produced per unit
of wood volume (the two are directly related given a constant calorific value),
but it also affects (a) the initial green water content of the wood, (b) the rate
at which the wood dries out, and (c) the rate of burning at a given water
content.
Low-density woods have higher green water contents than high-density
woods, but low-density woods normally lose water more quickly when air-
dried. When wet, they burn slowly, producing smoke and large quantities of
soot and tars, while, when dry, they burn faster at higher temperatures, and
with less smoke and tar emission. Dense woods burn more slowly, and drying
is probably less critical, because the proportion of wood substance is greater
in relation to the total volume.
High-density woods produce strong, hard, charcoal, while low-density
woods produce charcoal that is easily crumbled, and may disintegrate during
transport to a powder that is not usable in conventional charcoal stoves. Low-
density charcoal burns rapidly, and a bag of low-density charcoal may do a
great deal less cooking than a similar bag of dense charcoal; hence the strong
preference for charcoal made from dense woods in most countries where
charcoal is extensively used and sold by the bag. Selling by weight is much
more equitable, but even then, rapid burning may release heat too quickly
and result in a loss of energy as compared with slow-burning charcoal.
The ratio of surface arca to volume varies according to the size of a piece
of wood or charcoal, and the higher it is, the faster it burns. A small piece of
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high-density wood will burn at the same rate as a larger piece of low-density
wood.
The packing of pieces of wood or charcoal together during burning also
affects their rate of burning. Ignition is more difficult when there are a few
large pieces, compared with many small pieces, and combustion on an open
fire is probably less complete, because volatiles are driven off at relatively low
temperatures from the sides of pieces which are ignited on only one side.
If wood is used for cooking, the method of cooking will affect the type of
fuel and stove required to give optimum production of heat. Different con-
ditions are needed for slow, low-temperature simmering compared with rapid,
high-temperature frying or roasting. For domestic cooking, freedom from
sparking is. desirable and this is affected by grain interlocking and fibre
bonding. Thus, a large number of factors need to be considered when deciding
which species of trees to grow for fuelwood, and how they should be grown
and harvested.
V. GENETIC FACTORS
A. Species and provenance
The ideal trees to grow for fuelwood arc those that grow fast, and produce
wood with a medium to high density, a high calorific value, straight grain,
no odour or allergenic constituents, and which burns steadily without smoke
or sparks. If charcoal is required, an additional advantage is closeness of grain
and the presence of small vessels. The desirability of extractives varies,
depending on the rate of burning and odour required.
For a site that has not previously carried trees, it is desirable to test a range
of species and populations or provenances, which may include locally derived
provenances or land races of species that have been deliberately or uncon-
sciously bred elsewhere (see Jones & Burley 1973). There are several stages
in this testing. The species elimination phaseis the mass screening of a large
number of possible species in small plots over short periods (1/10-1/5 of the
rotation) to determine their survival and promise of reasonable growth. The
species testing phaseis the critical testing or comparison of a smaller number
of promising species in larger plots for longer periods (1/4-1/2 of the rotation).
The species proving phaseis designed to confirm, under normal plantation
conditions, the superiority of a few promising species. Three similar stages
need to be gone through to provenance-test species with a wide natural
distribution, namely arange-wide provenance sampling phase, a restricted proven-
ance sampling phaseand aprovenance proving phase . Because provenance-testing
is generally applied to species that are already considered to be promising,
the plot sizes and durations of provenance trials can be larger than those used
in the comparable phases of species testing.
The ultimate phase is, of course, the complete afforestation project, by
which time the source populations will have been reduced to one or two
provenances of one or a few species. The importance of using the optimum
species and provenance cannot be over-emphasized. There is no standard
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procedure or time schedule for passage through successive stages of testing;
neither is there always a need to use every stage. The above distinct phases
may be required either singly (sequentially), or in combination (telescoped),
or at the same time (in parallel). Details of the design, analysis and management
of trials were given by Burley and Wood (1976) and Huxley (1984). .
Where resources for collection and evaluation permit, it is desirable to
maintain single parental identities within populations, in a form of
provenance/progeny test; this allows intra-population variability to be esti-
mated at an early stage.
For almost any site there are many potential species. In temperate regions,
species of the following genera are already under trial for energy plantations
- Alnus, Betula, Castanea, Larix, Platanus, Populus, Quercus, Robinia and
Salix. In tropical conditions, many more species merit evaluation; a workshop
organized by ICRAF, IBPGR and CFI' in 1983 recognized some 2000 woody
species that have been used for multiple purposes somewhere, most of which
yielded fuelwood as one of their products (Burley 1983). Details of several of
these species were given in Burley (1980a), Little (n.d.) and NAS (1980,
1983).
It is often difficult to 'obtain certified material of species for trials, particularly
if the species of interest are exotic (not indigenous) and cover a wide natural
range. There is great benefit in having centrally co-ordinated research pro-
grammes that can  (a)  explore the natural ranges of species occurring in several
countries, (b) evaluate herbarium material taxonomically, (c) collect seed
for •trials in co-operating countries, (d) provide assistance with the design,
assessment and analysis of experiments, and (e) arrange for in situ or a suu
genetic conservation. Such centrally co-ordinated research has been practised
for many years with industrial plantation species in temperate regions, through
IUFRO Working Parties and in tropical regions with support from CFI,
CSIRO, FAO, ICRAF, NAS and NETA'; information on programmes, seeds
available, and results are given in FAO's Forest Genetic Resources Newsletter
and in LeucaenaResearch Reports and Nitrogen Fixing Tree Research Reports
published by NFTA. Among the hundreds of potential species,.several from
the following genera are receiving special attention - Acacia, Calliandra,
Eucalyptus, Leucaena, Liquidambar, Prosopisand Sesbania. Clearly, consider-
able resources are required to explore and evaluate these groups, and once
the best seed sources have been determined, provision must be made to
provide seed in bulk. Large supplies may be obtainable from commercial seed
dealers, but it is important to obtain details of the genetic history and quality
of the parent trees (Jones & Burley 1973). As soon as possible, local seed
sources should be established in the form of 'conservation stands' or in
breeding populations.
B. Selective breeding
The possibility of breeding trees for use on farms, and in small village
plantations, was considered by Burley (1980b), but little has been done beyond
' ICRAF, International Council for Research in Agroforestry (Nairobi); IBPGR:International
Board for Ham Genetic Resources (FAO Rome); CFI, Gammonwealth Forestry Institute
(Oxford); NFTA, Nitrogen Fixing Tree Association (Hawaii); NAS, National Academy of
Sciences.
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species trials, particularly with fuelwood species, except for Leucaenain the
tropics (seeLeucaenaResearch Reports), Casuarina and Prosopis for dry zones
(El-Lakany 1983; Felker 1981), andPopuhaand Salix in the temperate zone,
such as in Sweden where clonal testing is in progress (Hinrichsen 1983).
When breeding trees for energy production, the breeder must consider the
multiplicity of traits outlined above, and those desired in multipurpose trees
in general (see Huxley 1984), which involves the assessment of traits not
familiar to foresters, and which may require sophisticated assessment ech-
niques and selection indices. For many species, there is little information on
the natural breeding system and on population genetic parameters, which
must be determined before breeding strategies can be planned.
Genotype evaluation is a major problem in all tree breeding programmes
but it will be particularly important in programmes aimed at selecting trees
for energy production in rural situations. Progeny or clonal traits evaluated
on research stations must be repeated in farm or community situation's to
determine the yielding ability, stability and acceptability of improved material.
The breeding strategy will also be determined by the kind of propagation
method adopted. Even where clonal propagation is used, recurrent selection
(see Bridgwater & Franklin, this volume) will be required to provide continued
genetic variation and genetic gain (Burley & Plumptre 1984).
VI. MANAGERIAL FACTORS
In industrial plantations, grown for.pulp or sawlog timber, the desired tree
is usually tall, straight and cylindrical with a small crown and small branches,
and large blocks of forest are harvested and transported mechanically. Fuel-
wood plantings may be in pure blocks (such as village woodlots in Africa and
industrial charcoal plantations in Brazil), but are more likely to be as single
trees or in strips along roads, railways, canals or farm borders. Some will be
in agroforestry mixtures with other tree species, agricultural crops and ani-
mals, and most will be harvested by simple, manual methods and transported
using animals or human labour. Fuelwood should therefore be small in
diameter and length, thornless, and not excessively branchy, and harvest may
be taken frequently by coppicing or pollarding.
For any new species, provenance, improved genotype, or environment,
considerable research is needed to determine the optimum management
method. This includes soil cultural practices, types of planting stock, spacing
(possibly with respacing by thinning), weed control, fertilization and irriga-
tion, coppicing or pollarding method and frequency. Reviews of many of
these factors as they apply to wood energy plantations and multipurpose trees
were given by Andersonet al. (1983)and Zsufra (1984). In general, the highest
yields are obtained by planting fast-growing species at less than one metre
spacing and harvesting them after rotations of less than five years.
Harvesting in the tropics is often done using poor tools, by women and
children who often have to carry headloads of fuel, and cutting tools, over
long distances. The optimum lengths and diameters of fuelwood for transport
need to be considered. Axes can waste 16-20% of the wood when cross-
cutting logs, as compared with saws, unless the chippings are also collected;
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very often fuelwood is transported wet, but it can lose 30-60% of its weight
if dried before transportation. Wood is easier to cross-cut, by axe or saw,
when it is green. However, ii is normally easier to split when dry, and it is
certainly easier to transport.
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I. INTRODUCTION
The use of trees as a source of fodder is one of those many topics in the natural
sciences and agriculture that has been of keen interest in past times, was then
forgotten, and has been revived in recent times. The current revival of interest
in fodder trees is associated with their important role in agroforestry and
sustainable rural development in the tropics (Lundgren & Raintree 1983). In
some areas, livestock have been relying successfully on woody perennials for
at least part of their fodder for many years, and trees and shrubs can play an
important role where there are seasonal shortages in pasture forage and where
that forage is of poor quality (Robinson 1983; Torres 1983).
This paper reviews the role of fodder trees in past times and considers their
potential value in different farming systems. Naturally occurring trees, which
are browzed or lopped, are included as well as 'crop' trees, that are deliberately
planted or cultivated, and the term 'fodder' includes leafy shoots, twigs, fruits
and pods. Interactions betwen fodder trees and game, as opposed to domestic
animals, will be referred to only when they arc relevant to farming systems.
The role of fodder as a by-product of commercial forestry (Keays
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1971, 1975; Young 1976) or  of  tree crop farming (Hutagalung 1981) is not
included if the fodder is processed off the farm, or if the trees are not managed
within the farming system (Nelson
 et al.  1984).
1.
 Classtcal nmes
II. HISTORICAL PERSPECTIVE
A. Prehistoric evidence
In many parts
 of  the world, fodder trees have played an important role in
rural communities since the earliest developments
 of  animal husbandry. In
western and northern Europe, it has been suggested that tree fodder was used
in about 3000 ac (Simmons & Dimbleby 1974), and palaeobotanic.evidence
suggests that the livestock of Neolithic man in Europe relied on foliage
harvested from
 Ulmus,  and perhaps
 Tilia, Fraxinus, Ilex aguifoliwn  (holly)
and
 Hedera helix  (ivy) (Trod-Smith .1960; Heybroek 1963; Rackham 1980;
Linnard 1982).
B. Historical evidence•
In ancient China and India, various species and varieties of  Zizyphus ,  which
have fodder as one of their important products (eg  Z. nwnmularia),  have been
used and grown for the last 4000 years (Mann 1981).  Prosopis cineraria  and
Ztzyphus  spp. are mentioned in ancient Indian scriptures dating from before
1000 BC (Khoshoo & Singh 1963; Shanker 1980).
In the Mediterranean region, Amphilochus (an Athenian writer) is said by
Pliny (about AD 23-79) to have devoted a whole volume to alfalfa and 'cytisus'(Medicago arbarea)  which was introduced from the Cyclades to Greece, where
it was said-to have led to a great increase in cheese production.
Problems of livestock feeding were acute in Roman antiquity. Some live-
stock had to remain on farms to provide manure and power, grazing areas'
were small and there was a brief pasture growing season. Consequently, many
livestOck were stall-fed all the year, and much of the fodder was from-trees(Cato 234-149 BC; Varro 36 BC; Pliny AD 23-79; Columella AD 64a ,b). Tree
species were ranked according to the quality of their foliage, fruit and seeds(mast).  Ulmus, Populus,  Fraxinus and  Medicago arborea were planted specific-
ally for fodder, and nursery techniques were described. Although not the best
species for supporting vines,  Ulmus  was nevertheless chosen because of its
feed value; further, the 'Atinian' variety of  Ulmus  was often chosen for its
more luxuriant leaf growth and better palatability, even though the 'Italian'
variety, casting less shade, was more suitable for the vines.
M. arborea  took only three years from planting to harvesting, was green for
eight months of the year, gave good livestock weight gains even when provided
as a sole feed, and was successfully intercropped with garlic and onions. A
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special name  (frondator)  was given to labourers who lopped or stripped
leaves from trees, and some woodlands (silvae glandiferae, Deveze 1961) were
managed to provide mast for pigs.
2.  Aftddk  ages to  mid-nineteenth  century
In the middle ages, the main reference to fodder trees concerns their value as
pasturage for pigs (pannage; Deveze 1961; Rackham 1980). Plaisance (1979)
stated that ham from pigs fattened on acorns was renowned for its good
quality.
Id the UK, before the introduction of improved pasture plants and of
liming, and before the increased use of root crops and the enclosure of the
commons (spanning the 16th and 17th centuries), winter feed was often
desperately short (one beast in five died each winter on Scottish farms even
in the 18th century). This shortage resulted in a considerable reliance on
palatable evergreen trees and shrubs such as heather (Calluna vulgaris), gorse
(Ulex europaeus) and holly. Both gorse and holly were planted and managed
for sheep, cattle and horse fodder (Radley 1961; Spray 1981). Stands of holly
within common land often belonged to the lord, and high rentals were
sometimes paid for pollarding rights. Holly pollarding seems to have been
more prevalent, and to have lasted longer, in areas where winter feed was
scarce and which had little early bite. There is also evidence that small-
holdings had a higher proportion of holly in their hedgerows than larger
farms. Stahl, in Austria, wrote an early treatise on fodder trees in 1765, while
filly (1846), and Burke (1846), for Ireland and Scotland respectively, provided
probably the first economic evaluations of a cultivated fodder shrub (gorse),
comparing it favourably to more conventional sources of fodder. Elly (1846)
included information on the techniques and economics of establishinent, on
yields, livestock requirements, seasonal variation in feed quality, labour
requirements for harvesting, and processing technology (chaffing and crush-
ing). Gorse was often sown on poor land, and, because indigenous gorse was
not thought to be as good or luxuriant as the French gorse, germplasm was
introduced from France to both Ireland and Scotland (Elly 1846; Fenton
1976). Elly also mentioned two important aspects which are still often neg-
lected: (a) initial palatability is no indication of potential palatability (`Those
not used to it; Will at first refuse, but after a little starving will prefer it to any
other food'), and (b) thc feed quality of evergreens can be maintained by
frequent cutting.
3.  The 1850s to 1950s
More detailed studies on fodder trees, based on experience in the mountainous
areas of Europe, appeared in the late -19th and early 20th centuries (eg for
Austria, Wessely 1877; Germany, Passler 1891, 1893; Italy, Anon 1876;
Switzerland, Grossmann 1923, and Brockmann-Jerosch 1936. The practice
of tree leaf harvesting, prevalent throughout the area before 1800, died out in
most areas, apparently because of the introduction of better forage crops.
However, the practice continued well into this century in areas where land
pressure was severe.and during dry years, and can occasionally still be seen
today. The central European studies provided data on monthly variations in
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leaf and twig biomass and chemical composition, and on the digestibility of
different plant parts. Results from chemical analyses were found to broadly
support traditional lopping regimes. Although not backed up by experimental
evidence, recommendations were given for different species concerning cut-
ting cycles, type and time of harvesting (stem lopping, pollarding), storage
methods (drying, fermenting) and feed preparation (boiling, mashing). There
were considerable regional differences in these techniques and in opinions
concerning the relative feed quality of differentspecies.  Castanea vesca  was
not valued as fodder in most areas, but it was indispensable in the Cevennes.
Harvesting was often carried out by children, and in some parts of the Swiss
Jura each fodder tree on common land was numbered and the year's leaf
production was auctioned for private harvesting.
European colonization led to further movement of fodder tree germplasm
— Leucaena kucocephala  was introduced to the Philippines from Mexico before
1800 (NAS 1977) — and research was promoted to examine the role of
(odder trees in livestock production, and to develop appropriate management
trategies for the tree/pasture/livestock complex in different environments (eg
Everist 1949, in Australia; Henrici 1935, in South Africa). In the United
States, the need to develop sustainable land husbandries in areas which were
being severely degraded led to experimentation on trees in the early 1900s,
particularly on trees producing fodder for animal feed. Special emphasis was
given to hilly regions and areas with shallow soils or low rainfall (Smith 1929),
and the opportunities for genetically improving fruit yields and quality,
consistency of annual production, and time of fruiting in relatiOn to the
availability of other fodder were realized.
In climates with pronounced seasons, information was rapidly being
gathered on the chemical composition of fruits and foliage, on certain manage-
ment aspects, on the importance of fodder trees to livestock nutrition and on
traditional patterns of tree ownership and usage rights. For.India, these topics
were discussed by Gorrie (1937) and Momin and Ray (1943); Laurie (1939)
listed 389 species of fodder trees in India and tentatively classified them as
'good', 'medium' or 'poor' according to their popularity with farmers. The
increasing realization that probably more livestock obtained food pre-
dominantly from associations in which shrubs and trees play an important
part than from true grass or grass-legume pastures resulted in a worldwide
survey of available information (1AB 1947).
4. Conclusion
This brief survey indicates that for over 2,000 years there have been periods
when fodder trees have played an essential role in various agricultural systems.
From the survey, it is also possible to identify some important attributes of
fodder trees: palatability and quality; coppicing or pollarding ability and
resilience to repeated harvesting; leaf retention and quality maintenance
during dry and/or cold seasons; regularity of fruit production; ability to
produce fodder out of reach of livestock and on sites unsuitable for food or
fodder crops; and compatibility with other crops or fodder. The need for
appropriate fodder trees has resulted in the deliberate introduction of exotic
species. Ownership, usage rights and regulations were often complex reflecting
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the importance of fodder trees in the rural economy. Management practices
at times considered the need to sustain tree production. And, finally, the fact
that tree fodder was so commonly harvested (rather than browzed) reflected
its high feed value and the low cost of labour needed to harvest it (that is, the
high feed value/labour cost ratio).
III. FODDER TREE PRODUCTION AND NUTRITIVE
VALUE
A. Introduction
A large body of knowledge concerning various aspects of fodder trees has
been gathered over the last decades by foresters, veterinarians, livestock and
pasture production scientists, ecologists and anthropologists. Comprehensive
lists of fodder tree species used by domestic and wild animals, often including
information on chemical composition and palatability to different animals,
have been published for Africa (Le 1 louérou 1980a), the Indian subcontinent
(Panday 1982; Singh 1982), Australia (Everist 1969), and elsewhere (1AB
1947; Torres 1983). ICRAF's data base on the feed value of fodder trees
currently contains 1,550 records from about 550 species of worldwide origin
(Robinson 1984).
Opinions concerning the value of fodder trees range from a view that they
are detrimental to livestock production (eg mesquite, Prosopis spp. in south-
western USA; Martin 1975), to a view that, with genetic improvement, they
could ` revolutionize the entire agriculture of the semi-arid tropics' (West 1950,
cited by Gray 1970). Also, the same species may be rated differently in
different areas or by different people. In India, 46 of the 389 species listed by
Laurie (1939) were classed as providing good fodder in some areas but poor
or medium-poor fodder in other areas. Neem (Azadirachtaindica)is apparently
ignored by livestock, including goats, in West Africa (NAS 1980), yet in India
it is considered to be a good fodder tree and is intensively lopped to feed goats
(Singh 1982). Martin (1975) advocated the eradication of  Prosopis spp. from
the semi-desert range areas of south-western USA in order to increase pasture
production, while a few Texan farmers find that, with appropriate manage-
ment, the presence of a certain proportion of  Prosopis glandulosa var.  glandu-
losa, and of other woody legumes, improves livestock and game productivity
(Maltsberger 1983, and pers. comm). Some genetic differences between the
neems and the mesquites, and between the animals, may help to explain
part of these differences in viewpoint. Nevertheless, these and many more
contradictions highlight the danger of extrapolating observations from one
area to another, or from one management regime to another.
B. Biology and primary productivity
The relevant measure of fodder production from trees is not the average
annual production of foliage or pods, but rather the 'feed biomass' available
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at the time it is browzed or lopped, which is site- and time-specific. However,
only a few studies have included phenological descriptions (eg Piot  et al.  1980;
Panday 1982; Singh 1982).
I.  Effects of the environment on productivity
Many trees produce fodder in seasons when little herbaceous fodder is
available. On the Indian subcontinent, manv species are in leaf for a consider-
able part of the dry season (eg Singh 1982) Leaf production by fodder species
in the African tropics and subtropics often begins well before the onset of the
rains, and it usually continues long after they have stopped and herbaceous
plants have dried. Pod or fruit production also often occurs during or at the
end of a dry season.  Acacia albida  and some Capparidaceae (eg  Boscia
senegalensis) start producing foliage towards the end of the rains or in the early
part of the dry season (Not  et al.  1980; 1LCA 1982a).
Estimates of the foliage biomass of trees in the Sahelian zone show a sharp
increase from about 60 kg ha- at the 400 mm isohyet (with less than 5%
canopy cover) to 1,100 kg ha- ' at the 1,100 mm isohyet (with about 45%
canopy coyer) (Penning de Vries & Djiteye 1982). The annual foliage produc-
tion of several African savanna woodlands has been estimated to be about
1,500 kg ha • ', and riverine  Acacia xahthophloea woodland has.been estimated
to produce 5,000 kg ha- ' yr ' .(Pellew 1980). However, there can be large
differences between years. In a severe drought year in the Sahel, the average
leaf and fruit biomass on five tree species was only 30% of that in 'normal'
years, although considerable differences in the degree of variation occurred
between the species (Bille 1980). In Upper Volta (now called Bourkina Fasso),
browze species could be grouped into those that were relatively insensitive to
changes in environmental conditions (eiZizyphus  mauritiana)  and those which
mirrored the variations in environmental conditions (Grouzis Sicot 1980).
Data from Zambia suggested that within-year variations, in the biomass . of
quasi-evergreen foliage may be considerable in some species (Hie 1980)..
Nevertheless, the within-year and between-year variations in leaf production
by fodder trees are possibly much smaller than those in the herbaceous layer
(Torres 1983), and trees often produce fruits in response to adverse climatic
conditions (eg  Prosopis glandulosa  var.  glandulosa in Texas, Maltsberger, pers.
comm.).
The proportion of the annual production of foliage and fruits which is
actually eaten by livestock and game varies with time of year, stocking density,
livestock type, height of the crown, accessibility within the crown, and the
availability of water and alternative fodder. Clearly, useful fodder production
will often be much less than total production. But, when trees are used to
provide fodder only in drought years, their effective productivity is the amount
of leaf accumulated without browzing over the non-drought years (eg  Acacia
aneura  in Australia; Wilson & Harrington 1980).
2. Effects of tree management on productivity
Based on experiences with other tree crops, Cannel] (1983) suggested that
fodder trees may respond to management as follows: the removal of old shoots
and leaves might result in no decrease in yields and sometimes even in
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improved yields; the proportion of leaf to stem production should be increased
by keeping the trees small and by encouraging branching; regrowth of new
shoots following lopping should be less vigorous with increased distance from
the roots; however, trees which recover poorly after coppicing might recover
better after pollarding because of carbohydrate storage in the stems.
Three Sahelian fodder tree species, Combretum acukatum, Feretia apodan-
thera and  Cadaba fannosa,  responded differently to three leaf-stripping regi-
mes applied during the growing season (Cisse 1980). Most foliage was obtained
with no stripping from  Combraum and  Cadaba,  but with partial stripping
every month from  Feretia.  The latter species even outyielded the unstripped
control by 30% when it was stripped totally every month, whereas that
treatment applied to  Combretum resulted in a 58% yield reduction over the
control. Within a given year, the date of first stripping also influenced
the species differently, even taking into account the inherent differences in
phenology of the species, rather than calendar dates: Total stripping every 15
days gave the lowest cumulative production in all three species. The depressing
influence of monthly stripping during the whole growth period was still felt
in  Combretum and  Cadaba a year later. However, the effect of such a regime
also depended on the time during the previous growing season when stripping
began - when- it began towards the end of the foliage production period,
Cadaba did not recover well the following year, whereas Combretum recovered
so well that it outyielded.the control the following year by 99%.
Studies in Libya on the regrowth of a nuinber of shrubs following cropping
down to 10-50 cm 'above the ground showed that autumn/winter cutting
resulted in vigorous regrowth, giving almost as much foliage as untreated
shrubs, while spring harvesting was detrimental to growth. Furthermore, the
regrowth was more palatable than old growth and 20-30% richer in nitrogen
(Le Houerou 1983).
In India, circumstantial evidence on several tree species has suggested that
several years of rest are necessary between loppings in order to maintain
fodder yields (Gorrie 1937). Yet for some species, such as  Prosopis cineraria
(syn.  P. spragera) (Khejri), there has been contradictory evidence. P. cineraria
is traditionally lopped in winter (leaf emergence is in summer), often comple-
tely, except for a branch at the top, and in many areas annually (Saxena 1980;
Singh 1982). Lopping starts when the tree is about ten years old, and a
moderately sized tree is generally reported to yield 25-45 kg of dry leaf forage
each year (Bohra & Ghosh 1980; Ganguli  et al.  1964) (but see below for
contradictory evidence). Ganguli  et al.  (1964) stated that  P. cineraria could
withstand recurrent and severe lopping without detriment to its growth or
leaf yields, while Saxena (1980) suggested that such treatments harmed the
normal growth of the trees and sometimes killed them. However, very
few trials have been carried out to determine optimum lopping cycles and
intensities.
In Rajasthan, eight trees per treatment of  P. cineraaa were either left intact,
were lopped completely except for the leading shoot, or Were lopped to remove
two-thirds or one-third of the lower canopy (Bhimaya et al.  1964). Over four
years, the average yield from the completely lopped trees was over twice that
from the trees from which the lower two-thirds of the catiopy was lopped
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(14.7 and 7.1 kg tree', yr-1 of fresh leaf fodder), and the authors suggested
that completely lopped trees increased more in stem diameter and height than
the trees experiencing either no or only partial lopping (although initial tree
diameters and heights were not reported).
Stem diameter at breast height (cm)
FIGURE I. Mean annual fresh weights of leafy fodder harvested from trees of Prosopis
cineraria in two studies in India, with different harvest intervals.
A. Annual compared with 4-yearly lopping near Jodhpur, Rajastin (26°18'N; ca
380 mm rainfall yr- (from Bhimayaet al. 1964).
13. Annual compared with 2- and 3-yearly lopping near Mohindergarh, Haryana(28°17'N;ca 450 mm rainfall yr- ') (from Srivastava 1978).
Bhimaya  et al. (1964) compared the fodder yields from  P. cineraria trees
which were lopped annually with those lopped after a four-year rest period(Fig. 1A); and Srivastava (1978), working in Haryana, India, recorded the
fodder yields of  P. cinermia trees that were completely lopped annually, or
were lopped once every rwo or three years (Fig. 1B). In both cases, annual
lopping gave the greatest yields per annum'. Also, the difference in mean
annual yield between the annually lopped trees and those lopped every four
years (Fig. 1A), or every three years (Fig. 1B), was greatest for trees in the
largest stem diameter class. This suggests that the largest trees were best able
to cope with annual lopping. For the farmer, with large mature trees, annual
lopping would provide up to two to four times as much fodder as harvesting
on a three- or four-year lopping cycle. It should, however, be noted that the
yields in the two studies illustrated in Figure 1 were very different and also,
in both studies, the fresh weight yields were considerably less than the dry
weight yields of 25 to 45 kg trer' yr' considered to be the norm in India(loc. MO..
A lopping trial on  Schima wallichii  near Chautara in Nepal suggested that
' Bhimayaet al.'s (1964) conclusion was that rested pets yielded more thanannually lopped
trees, however, they appear to have omitted to divide the yield from rested trees by the number
of years between lojipings to give the annual yield.
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the removal of the lower 80% of the crowns resulted in a stem breast height
diameter increment of only 20% of that on unlopped trees over the next year
(Mohns 1984). In this case, the lopping was done on I2—year-old trees after
the leaf flush (the end of the dry season, following local practice).
Several workers have examined the effect of cutting height on the amount
of foliage produced by Leucaena leucocephala,with conflicting results. Pound
and Cairo (1983) suggested that Hawaiian-type varieties could be cut lower
than Peru and Salvador cultivars, because the Hawaiian varieties did not hold
such a large proportion of their branches high on the plant. They quoted data
showing that, out of a range of cutting heights from 0 cm to 76cm, cuttings
at 0.5 cm yielded most fresh material on a Hawaiian-type variety. Others
working with Hawaiian types have obtained different results: Pathaket al.
(1980) showed that the best cutting height was 30 cm (over the range 10 cm
to 30 cm, cutting every 40 to 120 days); while Krishna Murthy and Mune
Gowda (1982) obtained the greatest yield by cutting at 150 cm (over the range
15 cm to 150 cm, cutting every 40 to 70 days). Pathaket al. (1980) suggested
that the 30 cm cutting height provided more space on the shoots for branching,
leading to increased browze production. Equally variable results have been
obtained using Peru varieties: Osman (1981) in Mauritius found that a 90cm
cutting height gave greatest dry matter yields (out of a treatment range of
15 cm to 150 cm, cutting every 90 days), while Mendozaet al. (1983) in the
Philippines found that a 300cm cutting height gave the greatest herbage dry
weight and crude protein yields per year (over the range 15 cm to 300 cm,
cutting every 65 to 110 days).
It has been known for a long time that some shrubs are more susceptible
to defoliation than others, and root growth studies may help to explain the
differing responses (Hodgkinson & Baas Becking 1977). Also, site characteris-
tics such as soil fertility and soil water regimes are known to have a bearing
on the way species respond to different rates of defoliation (eg Jones &
Harrison 1980).
3. Pod production
Information on pod production is scarce. SomeProsopisand Acaciaspecies
may yield 3-10 t ha- I, depending on the ecological zone (Torres 1983), but
there is little information on yearly fluctuations in pod yield, on the contribu-
tion of genetic and environmental factors (eg Felker 1983), or on the effects
of tree manipulation.
4. Population trends
Fodder production over many years depends on changes in the tree population.
Factors such as fire frequency and timing, the climate and its variability,
grazing and browzing pressures, and so forth, are known to be important.
The proportions and densities of different types of livestock and game greatly
affect plant community structures., particularly grazer to brOwzer ratios (eg
Stapleset al. 1942; Lesperanceet al. 1970; Aucamp 1978; Lange & Willcocks
1980). Natural populations of fodder tree species may regenerate at slower
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rates than desired or they may die out (eg Chippendale 1963; Scif el Din &
Obeid 1971).
0 10  2  .30 40.
Canopy cover of woody overstorey -(%):
FIGURE 2.  Annual production of herbaceous understorey as a function of the canopy
cover of woody species (crosses), and an estimate of the mean foliage productionof
the trees (hatched area) for an isohyet of 1,100mm at Satuba in the African Sahel
(from Penning de Vries & Diitéye  1982).
5.  Tree-pasture mixes
Fodder tree species differ in their effects on understorey production: some
species have a beneficial effect, at least up to certain tree densities and when
the canopy is managed appropriately (eg  Hardwickia binata  and  Zizyphus
nummularia  in Rajasthan; Bahiti 1981); some species may have a variable
influence dePending on their age or size; and some species may have a
detrimental effect even at very low densities (eg  Acacia anew-a  in Australia;
Beak 1973). Also, the extent to whieh trees influence pasture production, and
the nature of their influence, can differ between years (eg Walker 1974). Tree
foliage production may compensate, in terms of quantity, for the production
lost in the pasture component; however, even where it does not (Fig. 2), the
quality of forage may often be better (in many pastures there is often a surplus
of standing and largely unpalatable herbage biomass during the dry season).
Also, in a well-balanced mixed tree-pasture system, the total production may
be better distributed over the year (eg Goldson 1973; Kennard & Walker
1973). Thus, some fodder trees can be successfully integrated with pasture
production, while others should ideally be grown separately (eg  Acacia aneura
stands for drought reserves; Pressland 1975). Similarly; in cropping systems,
some fodder trees can be associated with food or fodder crops without affecting
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crop yields (cg  Leueaena leucocephala, Sesbania sesban, Venkateswarlu et al.
1981; Gill  et al.  1983), whereas others might need to be manipulated or
spatially arranged in ways to minimize negative effects on crop yields.
6.  Conclusions-
The foregoing discussion has highlighted the frequent lack of agreement
concerning tree responses to various treatments, even for the species which
are suPposed to be better understood. This may be due to  (a)  different site
characteristics (which are seldom described .in detail), (b) differences in the
ways in which individual trees or populations were actually manipulated, even
when they appeared to have been manipulated in the same way (eg two-thirds
of a canopy can be lopped in very different ways), and (c) the likelihood that
many species of fodder trees are genetically variable. Finally, most of the
studies investigating the influences of defoliation on subsequent productivity
have been carried out over only a few years, and therefore preclude realistic
predictions of likely long-term effects.
C. Nutritive value
As much could be said about the problems of evaluating the nutritive value
of fodder trees as about the problems of evaluating their productivity; however,
because the topic has been well covered elsewhere (eg Wilson 1969; Le
Houérou 1980a; Torres 1983), only a brief outline is given here.
The average chemical composition of tree foliage or pods - the measure
most frequently given in assessments of feed value - cannot realistically be
related to a tree's importance to animal nutrition. The nutritive value of
fodder depends on its palatability, intake, chemical composition and on the
digestibility of the various chemical constituents. These attributes vary with
time in any given species. Generally, we can say that the effective nutritive
value depends on a combination of  (a)  the tree species, (b) changes over time
and between pans of a given tree, and (c) the species and breed of animal.
Also, the value of any particular feed component in an animal's diet is
dependent on the characteristics of all the other components in its diet -
including tree-pasture components, feed or mineral concentrates and water.
Finally, even for one particular component in a given animal's diet, the
interactions between constituent chemicals may affect their useful nutritional
value (eg tannins usually decrease the digestibility of crude protein, Lohan  et
al.  1980).
All the above points suggest that the use of standard 'objective' units of
nutritional value is highly suspect, in terms of actual value to the animal.
Summarizing available information from  in vivo  digestibility studies, Torres
(1984) found that the rate of increase in crude protein (CP) digestibility with
increasing CP content in wbody perennials is lower than that found in
herbaceous forage, and the CP digestibility of tree foliage varied from 15.6%
to 82.2%. /n vivo digestibility studies provide the only realistic assessment of
the nutritive value of tree fodder, but the cost of such studies is very high.
Nevertheless, we can positively say that, in general, the fodder from good
292 P. J. Robinson
fodder trees has a relatively high CP content, which is maintained during the
period when alternative feed sources have low CP contents. Le Houérou
(1980b) has reviewed a large number of tree foliar analyses from Africa: the
average CP values for all browze species for West and East Africa were 12.5%
and 13.3% respectively, compared with 2-11% for most grasses and grain
. crop residues (Burns 1982; Torres 1983). The average values for Africa for
woody legumes and the Capparidaceae were 15.8% and 20.7% respectively.
The leaves of some tree species have very high CP contents; for instance,
several studies on  Glincidia sepiwn  (syn.  G. maculata) give  a range from 18.8%
to 30.0% CP (Lindsay Falvey 1982b). Furthermore, livestock can select leaves
With much higher CP levels than the average values obtained from hand-
collected samples (Wilson 1969).
The foliage of some tree species can be fed to livestock as a sole feed, but
the resulting performance of the animals is usually suboptimal (eg  Gliricidia
sepium;  Carew 1980). I lowever, several tree species have been found to
improve the productivity of stock when their fodder is available as a supple-
ment to a diet which includes otherwise low-quality feeds (eg  Leucaena
leucncephala, Jones 1979; Rosas  et aL  1981;  Gliricidia sepium,  Chadhokar &
Kantharaffi 1980). The role of some fodder trees in improving the overall
utilization efficiency (both in termS of iniake and digestibility) of low-quality
herbage and crop residues is therefore particularly important.
IV. LIVESTOCK PERFORMANCE AND NUTRITION
With few exceptions (mainly in the wet tropics), livestock in tropical, sub-
tropical, mediterranean and alpine environments live for considerable periods
of the year on sub-maintenance diets (for various regions and ecozones see
Dun 1979; Al !den 1982; Crowder & Chheda 1982; ILCA 1979, 1982a,b;
Lindsay Falvey 1982a; Mahadevan 1982; Potter 1982; McLean  et al.  1983).
Combined with disease (which can frequently be associated with low nutrition
levels), these poor diets result in poor growth rates, delayed reproductive
maturity, low birth rates, high adult and immature mortality; low milk
production, and a cropping system in which animals are too weak at the end
of the dry season to perform their work functions efficiently (Roth & Norman
1978; ILCA 1982b; Raintree 1983).
The minimum CP content of feed required to maintain a ruminant is about
9%, and for lactation and growth it is about 15% (Norton 1982). The nutritive
quality of natural swards varies seasonally. The CP content of herbage from
a large number of grasslands in the tropics and subtropics during the dry
seasons is only 3-4% (eg Hacker 1982; Crowder and Chheda 1982). During
the wet seasons, average pasture CP levels, although usually adequate for
maintenance and some weight gains, are insufficient for maximum production.
Average mineral values are also often well below the animals' requirements,
particularly for phosphorus and vitamin A during the dry season. However,
in some natural grazing areas, where stocking densities are low enough,
within- and between-plant selection by the livestock can enable them to
obtain their maintenance requirements during dry seasons (Potter 1982).
Nevertheless, several studies of natural grazing conditions have shown that
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low CP intake is the major factor limiting livestock production (eg Pratchett
et al.  1977; Torres 1983). In a sub-humid to semi-arid area of West Africa,
liveweight changes were shown to be strongly correlated with CP intake
(r = 0-89; Lambourne  et al.  1983).
The fodder problem in many mixed farming systems may be due to both
a shortage and the low quality of the fodder (Potter 1982; Raintree 1983).
In India and Pakistan, the national average shortfalls in meeting livestock
nutritional requirements are said to be 40-50%. For Asia and the Far East,
the average area of permanent pasture is only 0-12 ha per ruminant livestock
unit, and in India the average area devoted .to forage crops is 0-033 ha per
animal (Mahadevan 1982). Consequently, the main feed in such systems
consists of crop residues. In pans of Nepal and northern Nigeria, the yearly
contribution of crop residues is about 50% and 80%, respectively (ILCA
1979; Wyatt-Smith 1982). The nutritive value of commonly-grown grain crop
residues is low — CP levels ranging from 2% to 6% (Ranjhan & Khera 1976;
Sen  et al.  1978; ILCA 1979; Burns 1982) — and crop residues have low dry
matter digestibilities (30-50%) which limit their value as sole feeds (Burns
1982).
The low CP levels of herbage (compared with tree fodder) reduce its
digestibility, and hence its energy value, and when there is less than 7% CP
less of it is eaten (Crowder & Chheda 1982; Wilson 1982).
Technically, it is possible to improve livestock nutrition and performance
by (a) supplementing the diet with mineral licks, urea and protein con-
centrates, (b) treating the fodder with alkalis to increase its digestibility and
palatability, and (c) introducing herbaceous legumes, which have high CP
levels and maintain them for longer than the indigenous pastures. However,
in developing countries these innovations have usually been uneconomic
or unsuccessful (Pratt & Gwynne 1977; ILCA 1979; Potter 1982). Some
improvements in livestock nutrition can be achieved in range areas by manag-
ing stocking densities, using fire, and varying the proportions of various
livestock types (Evans 1982). Dry season 'fodder reserve areas' have tradition-
ally been used by many pastoral societies, but, without a tree fodder com-
ponent, CP intakes are at sub-maintenance levels, except at very low livestock
densities. In mixed farming systems in the sub-humid tropics, the introduction
of herbaceous legumes which do not compete with crops, either by being
planted on un-utilized areas within crop lands (such as terrace banks), or by
relay cropping (eg with various Stylosanthes varieties; ILCA 1982b), can also
help to improve the nutritional status of livestock.
Natural vegetation could often be used more efficiently by introducing
different types and mixes of animals such as camels, giraffes, water buffaloes
and other domesticated and non-domesticated species (eg Pellew 1980; NAS
1981, 1983). However, there are a number of technical and social problems
impeding their introduction.
V. ACTUAL, POTENTIAL AND FUTURE ROLE OF
FODDER TREES
Any attempt to evaluate the place of fodder trees in farming systems must try
to answer a number of questions concerning their present, potential and future
roles.
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First, concerning their present role, what is the nature and extent of their
current contribution to the various production and service (eg provision of
manure) functions of livestock, and how do fodder trees interact with other
aspects of farming systems such as labour demand and food cropping (Roth &
Norman 1978; Bernsten et al. 1983; Robinson I983)? In many parts of the
world, some farming systems would collapse without fodder trees. Le Houérou
(1980c) described a trial in the Sahel in which a group of livestock had no
access to fodder trees: the trial had to be discontinued because the livestock
would have dicd. In mixed farming systems, such as those found in many
parts of India and Africa, livestock are already on sub-maintenance diets at
times of year when tree fodder is a major component of their diet (Dutt
1979; Mohns 1981; Wyatt-Smith 1982; Negi 1983). Figure 3 illustrates the
importance of tree fodder in Nepal in the season when crop residue (straw)
is almost the only alternative feed.
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FIGURE 3.  Seasonal variation in the forage supplied to livestock in a hilly area of
eastern Nepal (from Mohns 1981, quoting Hager 1978).
Second, concerning their potential role, (a) what are the factors which limit
the production and service functions of livestock, (b) what are the attributes
of fodder trees which may help to alleviate these limitations and to improve
productivity, and (c) what spatial arrangements and management regimes are
likely to be most appropriate and how can proposals be implemented?
Third, concerning their future role, (a) what is the likely demand for the
various production and service roles of livestock, (b) are there any attributes
of fodder trees which can be readily improved, and (c) what changes are likely
to take place in other aspects of farming, and how will these influence the
value of fodder trees in relation to the efficiency of the whole system?
Although, in developed countries, it has been suggested that we decrease
livestock production, in poorer countries the demand for livestock, for food,
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manure and traction, must increase with human population growth. It is
doubtful whether alternative technologies and modes of production can replace
livestock in these roles to any significant extent. Draft animal power is already
inadequate — the shortage is acute in some areas (eg much of south-east Asia;
Mahadevan 1982) — and demand is expected to increase by 0-8% per year
(Bernstenet cll. 1983). The less optimistic of two scenarios investigated to the
yearmoo.by FAO suggested that there could be an 80% increase in animal
production, with an increase in livestock numbers of 15% (FAO 1981). Yet,
with few exceptions, increases in animal production over the last 50 years
have been mainly due to increased livestock numbers, rather than to improved
productivity (Mahadevan 1982). More manure will be needed to sustain crop
yields, if fallow cycles shorten further and increasingly more marginal lands
arc cropped, and this manure may be difficult to supply if the new cropland
is taken from areas on which the livestock rely for dry or cold season grazing.
VI. CONCLUSIONS
The trends in agricultural development in developing countries point towards
situations where fodder trees could play an increasingly important role. In
mixed farming systems, where fodder trees are already in use on croplands,
their production.is insufficient to meet the demands; more trees are required,
but information is needed on which sPecies to grow without decreasing crop
yields, and on tree management techniques. In rangelands, the problems of
tree establishment are important; a better understanding is required of the
factors which create the right conditions for regeneration of appropriate
species, and of the livestock types, combinations and stocking densities which
promote desirable plant species mixes.
Large dry season 'fodder reserves', which include fodder trees, can success-
fully be established in pastoral areas, given the will of the pastoralists to do
so, and appropriate support from the authorities.
A list of the better fodder tree species for different environmental and
management conditions is urgently required so that more detailed investiga-
tions can be initiated to resolve the conflicting reports of their responses to
various management regimes in different environments. Cheaper and more
meaningful methods of determining fodder tree feed values for different
animal types would be welcome. Plant breeders have already been assigned
to fodder tree improvement projects; but what characteristics are they to
select for, and what will be the consequences of selection on other tree
characteristics?
The problem of overgrazing in pastoral areas is linked to complex so- cio-
economic and political factors, and these need to be understood and tackled
before technical improvements are introduced. Finally, a reductionist research
approach, looking at individual components of the complex farming systems
which include fodder trees, must go hand in hand with a systems approach;
technical solutions must be found to the right problems, and problems will
differ in nature in the very different situations encountered.
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I. INTRODUCTION
Tree productivity is often limited by soil resources, yet our knowledge of root
biology, the interactions between roots and tops, and the use of soil resources,
is fragmentary even for agricultural crop plants. This chapter addresses some
current questions about the 'costs' of roots, and how they function in exploiting
soil resources and in producing growth factors, highlighting those attributes
that might profitably be altered by selection or management.
Tree roots,•in contrast to those of annuals, need to function and survive
over the full gamut of seasons, and over the annual variations in soil climate
during the 12 to 120 years of a rotation. They also change their own environ-
ment, by accumulating litter and redistributing nutrients in the profile over
time. In such a range of growth conditions, trees must have (a) root systems
of great efficiency and plasticity to accommodate changes quickly, and (b)
structural roots to form a stable (survival) base. This, I think, is the whole
key to effective root function of perennials, and has something both of the r
and K phenomena of ecology — stability and resilience.
Trees have usually evolved in mixed ecosystems, in which survival in
competitive environments (and not necessarily high productivity) has been
the goal. Low-input forestry and honicultural-ley systems often have such
competition. I ligh-input monoculture forestry (for high productivity) usually
removes competition, and this will have a large impact on how much root it
is 'necessary' for a tree to have to obtain adequate soil resources for good
growth.
The three main components of the tree root system are: (a) major permanent
structuralroots, usually much larger than the fine roots they produce, (b) a
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system of  fine roots  1-2 mm in diameter, consisting of 'long' (exploratory)
roots bearing lateral 'short' roots, and when these roots become infected they
produce (c)  mycorrhizas.  With several economic forest trees, ectomycorrhizas
are the more common, and arise from infection of the short laterals. In the
rest of the plant kingdom, vesicular-arbuscular (VA) mycorrhizas are the
major type, and occur on both components of the fine root system. The
biology and physiology of mycorrhizas have been discussed in detail by Harley
and Smith (1983). Although they are caused by quite different fungi, the
different mycorrhizal types function in essentially the same way.
II. ROOT DYNAMICS AND COSTS
Data on energy needs, for growth, maintenance and uptake of nutrients, for
the structural roots, fine roots and mycorrhizas are sparse. In most cases the
amount of assimilate going to roots is considerably greater than the 20-30%
suggested by measurements of root biomass at any one time, because (a) there
is no cognisance of assimilates lost in exudates and by respiration - in cereals
these can account for 20% of the total assimilates, and (b) there is continual
turnover of fine roots, largely in response to both environmental fluctuation
between and within seasons, and to soil biological activity (see Bowen 1984).
The fine roots occupy a key position in nutrient and water uptake, because,
although they may represent only some 5% of root weight (eg in 39-year-old
Pinus sylvestris,  Roberts 1976), they can account for 90% of the root length.
Furthermore, they. are the sites for mycorrhiza formation. As there can be
considerable turnover of fine roots, both the amount of assimilate used in
their growth, and the length of roots absorbing nutrients during a season are
much greater than suggested by a single sampling (two- to four-fold differences
in fine roots recovered over a season are not uncommon - see Bowen 1984),
not to mention the difficulties posed by incomplete recovery of fine roots from
soil. Problems in the study of fine root production and death have been
discussed by Persson (1983). Estimates of assimilate use in fine root production
include 36% and 66% of net primary production in 23- and 180-year-old A bies
antabilis,  respectively, some 50% in 15-20-year-old  Pinus sylvestris,  and 8%
and 36% of total dry matter production in  Pseudotsuga menziesti  growing on
high and low productivity sites, respectively (see Bowen 1984; Cannell, this
volume). There is an urgent need to understand factors governing the death
and turnover of fine roots. Most conclusions so far are based on correlations
with climatic conditions, soil moisture and so on; I suggest that a more
experimental approach is necessary.
Vogt  et al.  (1982) calculated the mycorrhizal fungus component of  Abies
amabilis  production to be some 3,000 kg ha- 'yr- - about 15% of total primary
production - and Fogel and Hunt (1979) calculated that ectomycorrhizas
could be 50% of the total root system biomass, when a high percentage of
short roots were mycorrhizal. Fine roots, and fine roots plus mycorrhizas,
have been calculated to contribute two to four times more N, six to ten times
more P and K, and two to three times more Ca to soil than above-ground
litterfall (see Bowen 1984). An important question is: how much of the
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nutrient in senescing fine roots (often a large amount, Bowen 1980b) is
translocated to the plant, and how much is returned to the soil to wait the
vagaries of decomposition, mineralization and reabsorption by the plant? An
increasing body of data indicates little retranslocation from senescing fine
roots.
There are few good data on root respiration in the field, and, in carbon
balances, the respiratory component due to fine roots is often derived by
difference. Linder and Axelsson's (1982) data suggested that the respiration
rates of roots of young  P. sylvestris trees were greater than the respiration rates
of above-ground parts. Ectomycorrhizas appear to be intensive sinks for
assimilates; Bevege et al.  (1975) found that ectomycorrhizas of  Pinus radiata
had 15 times as much "C labelled assimilate as adjacent uninfected laterals
24 hours after exposure to "CO,. Harley and Smith (1983) indicated that
respiration rates of ectomycorrhizas were 1.5 to twice those of uninfected
roots. With VA mycorrhizas, only some 1-5% of the root biomass is fungus,
but Sanders, Martin and Bowen (unpublished) found that the respiration rates
of VA mycorrhizal roots on onions were six times those of non-mycorrhizal
roots, although much smaller differences have been reported by other workers
(see Harley & Smith 1983). Depressions of plant growth, which have some-
times been attributed to the presence of mycorrhizas, may be due to an energy
drain, under conditions in which the mycorrhizas arc superfluous for nutrient
uptake. However, plants often compensate for the 'costs' of mycorrhizas by
increasing their photosynthetic rates (Paul & Kucey 1981), possibly associated
with increased cytokinin production by the mycorrhizal system (see below).
The structural, permanent, component of the root system is analogous to
the structural 'skeleton' of above-ground parts of deciduous trees, in that it
gives a base for rapid exploration of the environment (the soil). The cost of
maintaining the root system is decreased by sloughing off fine roots when
conditions are not conducive to growth.  The  rapid production of fine  roots and
rnycorrhizas, and  the  turnover of fine  roots, thus bestows great plåstWity. on the
perennial root system. The recognition that relatively large amounts of assimilate
are used in fine root production inevitably leads to the questions: (a)  does the
tree need all of these roots, and (b) would an 'ideotype' for maximum above-
ground productivity direct less assimilate to roots? The answers to these
questions lie in a better understanding of root function in tree growth, but it
should be remembered that trees are by no meansunique in directing a large
amount of assimilate below-ground — the below-ground biomass of several
grasses is 35-90% of their total biomass (Marshall 1977).
III. THE USE OF THE SOIL RESOURCES
The main considerations in the use of soil resources are: the transfer character-
istics of the soil for water and nutrients, the 'abundance' of absorbing surfaces
(that is, the amount of roots and mycorrhizal hyphae per unit soil volume)
and their absorption characteristics.
A. Root abundance and. distribution
Root 'abundance' is usually expressed as L, (cm root cm-3 of soil) or LA (cm
root cm-2 soil surface). Table I shows that L., is often an order of magnitude
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TABLE I, Root 'abundance' (length per unit soil volume) of some tree species and
of grasses (from Bowen 1984)
Species
l'inus radiate'
Age Soil depth Root abundance
(yr) (cm) Lt (cm cm 3 soil)
3-4 0-10 013-0•18
10-20 0.28-0.34
40-50 0-03
8 0-10 1.1-2.9
2.0
0.8
0.4
5.26
1.25
0.34
0.08
1.7-2.8
<8
0.2
0.005
50
5-25
4
smaller inforest trees than in cereals and other grasses. Allowing for root
turnover during thc year, the cumulative tv of trees' would be greater than
shown in Table I, but the generality above Still holds. For horticultural trees,
Atkinson (1980) documentedLA values of 0.8 to 69, compared with 52-320
for herbs and 100-4000 for grasses. The major concentrations of tree roots
occur in the surface 15-30 cm of soil (Table I); root concentrations decrease
markedly below 30 cm, but a few roots often occur several metres deep (up
to 50 m with some,species, Taylor & Klepper 1978). Even in surface soils,
the distances between tree roots arc large compared with those of grasses; for
instance, in 'stands• of Pima radiata, the mean distance between roots in
the 'long' arid 'short lateral' classes is 9 mm (Bowen 1973). However, soil
exploration is supplemented considerably by the growth of mycorrhizal fungi
from the roots. In some ectomycorrhizas,, aggregations of hyphae (mycelial
strands) carfpermeate the soil between roots and grow into litter up to 12 cm
from the mycorrhizas (Skinner & Bowen I974a). In VA mycorrhizas, some
80 cm of hyphae can be produced for each centimetre of root infected (San-
deis & Tinker 1973). Despite the high respiration rates of mycorrhizas, they
are relatively cost-efficient: the length/weight ratio of fungal hyphae can be
500 or more times that of fine roots. Factors affecting the growth of mycorrhizal
fungi into soil have received scant study, despite the fact that this growth is
the main cause of mycorrhizal stimulation of plant growth. Soil factors, such
as compaction (Skinner & Bowen 1974b), markedly affect fungal growth into
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soils, and there is also considerable variation among mycorrhizal fungi in the
extent to which they permeate the soil, giving scope for selection of mycorrhizal
fungi in this.
B. Water uptake
Detailed discussions of water uptake in soil-plant systems have been presented
by Feddes (1981), Taylor and Klepper (1978), Landsberg and Fowkes (1978)
and Passioura (1981). Despite uncertainties about many aspects of root behav-
iour, and the complexities of the system (Feddes 1981), there is sufficient
information to provide guidelines about the relationship between root abun-
dance and water uptake.
The movement of water in soils more moist than — 1 MPa is usually rapid
(the exception being coarse, sandy soils), so transport to the root is normally
not a problem. The hydraulic conductivity of suberized pans of fine roots
may be 40-70% of that of unsuberized roots (see Bowen 1984). Suberized
roots have therefore been assumed to be important in water uptake from soil;
this assumption is made in almost all models of water uptake. However,
hydraulic conductivity measurements have invariably been made with roots
bathed in water, and so they have indicated only the potentia/ absorption
ability of various pans of the root. There is an urgent need to examine water
uptake by various root segmentsin soil, because root-soil contact is a major
area of uncertainty. There may be as little as 40% contact as roots traverse
soil pores (Atkinson 1980), and root-soil contact can be lessened further by
root shrinkage — up to 50% during drying cycles (both diurnally and over
longer drying periods). Whilst mucigel exuded by younger pans of roots may
ensure significant contact between the soil and root apices, the mucigel thins
considerably with ccll extcnsion, and is non-existent in suberized areas (R. C.
Foster, unpublished). Passioura (1981) pointed out that plants seem to find
it more difficult to extract water from soil than from solution.
The hydraulic conductivities of mycorrhizal and non-mycorrhizal roots
are often similar (Sands & Theodorou 1981; Sands, Bowen and Sanders,
unpublished), although Hardie and Leyton (1981) found that the hydraulic
conductivities of mycorrhizal roots of clover plants were 2 to 3 times greater
than those of (smaller) non-mycorrhizal roots. Hyphal growth into soil may
well facilitate transport of water to the root, especially under drying conditions
and in coarse sandy soils. Hyphae could also form a bridge with the soil when
root shrinkage occurs, or when the soil/root resistance is large. It has been
demonstrated that tritiated water is transported to ectomycorrhizas in mycelial
strands (Duddridge et al. 1980) and water transport could occur in them either
by cytoplasmic streaming (up to 12 cm h" in VA mycorrhizal hyphae, see
Harley & Smith 1983) or by mass flow along dead cells or intracellular spaces
(see micrographs by Foster 1981). The relatively small radius of dead hyphae
(2-5p.m) suggests that the flow rate in them is much smaller than in tracheids
(10-2Sjim radius) (Poiseuilles' Law), but their great abundance may offset
this size disadvantage. Critical quantitativestudies are needed to evaluate the
role of mycorrhizas in water transport, bearing in mind that they could have
an important role in drying conditions.
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Both theory (Barley 1970) and observations on crop plants indicate that an
L. of one to two is sufficient for rapid water uptake in most soils; significant
differences between three upland rice varieties, in the removal of soil water
from subsoil, occurred when root concentrations were less than 0.10 mg cm-3
L,  1, my conversion) (Mambani & lal 1983). Table I indicates that there
are usually sufficient tree roots for effective water uptake in the surface
15-30 cm of soil, and sometimes possibly an excess of roots, especially if
mycorrhizas have a significant role in water uptake.
The  L.,  of grasses is far in excess of that needed for effective water uptake.
I lowever, the sharing of soil nutrient and water resources by competing plants
is proportional to their effective rooting lengths, so the much larger  L,  of
grasses, and some weeds, is a major reason for their strong competitive ability
compared with trees (especially tree seedlings) for limited soil water (and
nutrient) resources. For example, Sands and Nambiar (1984) reported that
failure to control weeds resulted in severe water stress and up to 80% growth
reduction in  P. radiata  trees during their first year.
Below 15-30 cm, tree root concentrations are far below those needed to use
soil water effectively. For example, in the hot, dry South Australian summer,
actual evapotranspiration of  I', radiata  forests is approximately one third to
one half of potential evapotranspiration (5-6 mm day- ') and growth is severely
limited. Furthermore, with such low subsoil rooting, densities, and such a
high evaporative demand ( potential high flux into roots), high resistances
develop rapidly between the soil and the roots (Williams 1974), thus limiting
water uptake even more. The production and growth of cells are inhibited at
much lower leaf water potentials (0 to -0.6 M Pa) than are photosynthesis
and respiration (-0-5 to 1.0 M Pa, -0.5 to -1.5 M Pa respectively) (Hsiao  a
al.  1976), and.it may be concluded that water absorption by subsoil roots is
insufficient to sustain cellular growth, and so is principally directed to tree
survival, especially under high evapotranspiration conditions. Subsoil roots
arc also important in ameliorating competition from grasses in the second 'and
subsequent seasons (Sands & Nambiar 1984).
Apart from selecting for finer roots (having the same  L„  with less biomass),
the most important attribute of tree roots to manage, or select for, from a
water viewpoint, could be their relative distribution with depth. There is a
strong case for examination of genetic variation. In parallel with suggestions
by Passioura (1981) for wheat, it would be an advantage to reduce extravagant
water use by the tree early in the growing season, and to eke out the supply
as far into summer as possible, thus prolonging the effective growing season.
Water use efficiency (photosynthesis per unit of water transpired) in  II, radiata
increases under mild water stress (Sands  et al.  1984) (but effects on cell
extension must also be considered). A reduction in  L.,  in the surface soil
lavers, and complementary increases in rooting below 30 cm, could be of
cdnsiderable advantage in optimizing photosynthesis and growth for a much
longer period. Such genetic differences in root distribution are not uncommon
in agricultural species.
C. Nutrient uptake
I.  Absorption
As for water uptake, there are no good measurements of the inflow of nutrients
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into different parts of roots in soil, although this should not be difficult to
measure experimentally, especially using isotopic tracers. Inflow analyses
invariably average inflow over the whole root system (Nye & Tinker 1977).
In pine, ions can be rapidly absorbed from solution for several centimetres
behind the apex (Bowen 1970; Bowen, unpublished), and this often correlates
with the distribution of assimilates along the root. Chung and Kramer (1975)
found that the suberized parts of  Pinus taeda  roots could have 60% of the
potential absorption ability of unsuberized parts, but their measurements were
made in s'olution, so the problem of contact with the soil remains a major
question, as with water uptake. Mycorrhizas rapidly absorb ions such as
1-12120 -4 and Zn from solution (see Bowen 1980a), often at much the same
rate per unit of surface area as unsuberized roots (Bowen 1973).
Interspecific and intraspecific differences in ion selectivity almost certainly
occur in tree species as in agronomic species (Clark 1983), thus influencing
tolerance of toxic ions, such as sodium and chloride, and tolerance of acidic
and calcareous soils, such as observed in provenances of  Fagus sylvafica
(Teissier du Gros & Lepoutre 1983).
Quite large differences occur in the rate of absorption of phosphate from
solution by different gentoypes of  P. radiata  (Bowen & Theodorou, unpub-
lished) and by different types of ectomycorrhizas (Bowen 1973), and these
can be described in terms of Michaelis-Menten kinetics. However, the real
question is the extent to which such differences are important fit the uptake
of phosphate  in soil.  For ions such as H2PO-4,  Cu", Zn", NI-It and to
some extent K', the limiting factor in uptake is not potential absorption
ability, but ion transfer through soil, and it is unlikely, therefore, that selection
of genotypes for greater uptake of these ions from solution will be valuable.
Genotypic differences in the minimum concentration from which ions can be
absorbed (eg H2120-4 and Kin maize, Schenk & Barber 1980) may be
important, as has been suggested in mycorrhizal function.
Given an  abundance  of highly  mobile' ions such as NO -3, SO- -4 and CC ' in
soil, genetic differences in absorption from solution would be paralleled by
differences in uptake from soil. An inflow analysis by Nye arid Tinker (1977)
suggested that an LA of 100cm root cm-2 soil surface would be sufficient to
supply a crop with 4 kg N ha- ' d- ' from a continual supply from a 0.5 x I 0-2M
nitrogen solution. On this basis,.and assuming an uptake of 60 kg N ha- ' yr
(as in  Pinus nigra  var.  maritima  plantations; Miller 1984), the abundance and
absorption ability of tree roots is likely to be quite adequate to supply the tree
with N, and, in low-input silvicultural systems, N uptake is likely to be limited
more by the N supply in the soil than by root absorbing power. However,
genotypic differences in absorption rates of nitrate, and many other ions, may
be important where sudden flushes of nutrients occur naturally or following
the application of fertilizers.
2. Availability of nutrients
Someplant species can increase the availability of nutrients in the rhizosphere
by producing organic acids (solubilizing phosphates), surface phosphatases
and siderophores (which chelate iron). The quantitative aspects of this pheno-
menon need more research (Bowen 1984) and little is known of genetic
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variation within species. Most mycorrhizal fungi use essentially the same
phosphate sources as higher plants (see Harley & Smith 1983), but there are
indications that some VA mycorrhizas can use insoluble mineral phosphates
as well (Bolan 1983). Selection for this character may be important.
3.  Use of nutrients in roots
Variation  (with environment and genotype) in the key factor of transport of
nutrients from tree roots to shoots, has received little attention. In general,
least nutrient is transported to the shoot when plants are under nutrient stress.
Jahromi  et al. (1976)  indicated that genotypic differences existed within  Pinus
elliottii  in phosphate incorporation in the root, and in translocation to the
shoot. Similarly, Gordon and Promnitz (1976) found that clones of  Populus
had consistent and large differences in rates of nitrate reduction, which were
correlated positively with field growth. Effects of nutrition on assimilation
processes in shoots were discussed by Bowen and Cartwright (1977), and
Linder and Rook (1984).
One of the most important aspects of nutrient use by roots is the root's
storage function — a phenomenon only poorly developed in annuals, but of
potentially great importance in perennials. Most studies haVe been on fruit
trees. Soil temperatures in the autumn, and sometimes in winter, are often
high enough to permit some root activity, and Tromp (1983) found that
fertilizer nitrogen, applied in autumn, was absorbed and stored in apple roots
and root stocks, and could determine the amount of spring growth — supplying
at least half of the total N required by the new leaves in spring and summer.
Potassium, calcium, and probably several other nutrients, can also be stored
in roots, and knowledge of this storage is important in the timing of fertilizer
applications. One of the major features of phosphate physiology of both
VA mycorrhizas and ectomycorrhizas is their storage of phosphate (and
translocation within the fungus) as polyphosphate granules. Other ions such
as Ca" are also associated withthese granules. The possible ecological roles
of such polyphbsphate storage were discussed by Harley and Smith (1983).
4.  Root abundance and ion uptake
In the absence of competition, an  Lc.  of one to two is sufficient for roots to
have ready access to ions such as NO•3, SO", and Ca+•, which move to the
root principally by convection in water. However, most nutrients are poorly
mobile (eg H2130•,, K' and NYI•4) or immobile (eg Cu" and Zn") in soil.
The transfer of such ions through soil to the root is the main factor limiting
their uptake, and this transfer is affected by the amount of clay and organic
surfaces in the soil, by the soil structure and by soil moisture. In a clay soil,
diffusion of phosphate may occur over only a few tm to the root, but in a
sandy soil some diffusion may occur over several mm (see Nye & Tinker
1977). Depletion zones around roots for poorly mobile ions are usually quite
narrow, and, in these instances, ion uptake increases with increase in root
length. For example, in a moist loam soil, an L0 of 6 (much greater than that
of most trees) may lead to depletion of only 60% of the soil phosphate (Barley
1970), and for the immobile Cu ion it may be even less than 10%. It is not
surprising therefore that  (a)  trees will often respond to the application of
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phosphate fertilizers, whereas grasses growing in the same soil, but with a
high Ly and well-developed root hairs, do not respond, and (b) genotypic
differences in phosphate uptake, and in the ability to respond to added
phosphate (in clovers, Caradus 1983; and trees, Goddard & Hollis 1984), arc
closely related to differences in root length. Nambiar et al. (1982) found that
100% differences occurred amongPinus radiate:families in the length per unit
weight of regenerating lateral roots, and they concluded that selection for
thinner roots (greater L, for the same biomass) might be advantageous in
nutrient uptake. Some tree species, such as someEucalyptuspp., which are
adapted to grow in low nutrient soils, have quite fine roots (Bowen 1980b).
Similarly, genotypes with large numbers of laterals per unit root length would
have large root lengths per unit root weight, because of the smaller radius of
laterals. However, a more effective way to increaseL,, may be to promote
effective mycorrhizal development.
The very large length per unit weight of fungal hyphae, their extensive
penetration into soil and organic matter, their absorption of several ions
(including H2P0-4, K', Zs • and NH',), and their transfer of ions to the root
via the hyphae, are the major beneficial attributes of mycorrhizas in plant
nutrition. Thus, the influx of phosphate into VA mycorrhizal onion roots was
three times that into non-mycorrhizal roots (Sanders & Tinker 1973). The
plant response to mycorrhizal infection depends on the soil fertility, the level
of infection, and the extent to which the fungal hyphae grow into the soil.
Plant growth increases of 50% to several hundred per cent are not unusual
compared with uninfected plants (see Bowen 1980a; Harley & Smith 1983).
Mycorrhiza production is an important alternate strwegy complementary to (and
often replacing) fine root production (Bowen I980a). Marx and Bryan (1971)
showed not only that mycorrhizal infection greatly increased the growth of
Pinus elliottii var. elliottii trees, but also that infection with some mycorrhizal
fungi removed genotypic differences in growth which occurred among unin-
fected trees. Nevertheless, there are gentoypic differences in tree responses
to both ectomycorrhizas and VA mycorrhizas (Goddard & Hollis 1984), due
possibly to differences in the numbers of short roots produced (the sites for
ectomycorrhizal formation) and to quantitative differences in susceptibility to
infection by the fungi.
Mycorrhizas are probably also extremely important in the process of compe-
tition between species for soil resources (Bowen 1980a), and therefore in the
evolution of mixed communities containing trees. They also give the root
the ability to compete with micro-organisms for nutrients released by litter
decomposition.
We should not restrict our thinking on mycorrhizas to nutrient-deficient
soils. Mycorrhizas will enhance nutrient uptake in many potentially fertile
soils in which root growth is poor owing, for instance, to high acidity, high
salinity, high soil temperatures or root disease, because hyphal growth will
compensate (at least partly) for poor root growth (Bowen 1980a). All that is
needed is to select, from the large genome of mycorrhizal fungi, ones which
are less susceptible than the roots to a deleterious soil condition. The plant
scientist herefore has both plant and mycorrhizal fungus genomes flaus which to
selectin orderto enhance plant growth.
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IV. ROOT-SHOOT INTEGRATION
Models of plant growth usually do not include the important role that roots
play as producers of growth-regulating compounds that affect the shoots.
Indeed, most treatises on plant growth regulators ignore roots. All known
classes of plant growth regulators have been detected in root extracts. Indole-
acetic acid and abscisic acid are produced in root cap cells (Bruinsma 1979)
and the radial elongation of cortical cells of ectomycorrhizas suggests that they
produce indole compounds (see Harley & Smith 1983). Cytokinins are present
in high concentrations in root tips, in legume nodules, and in root exudates,
and their production is closely related to root tip activity in a range of
environments (Bruinsma 1979). Cytokinins are produced by some ectomy-
corrhizal fungi in Culture, and the enlarged nuclei of plant cortical cells in
mycorrhizas, and large increases in the amount of cytoplasm in VA mycor-
rhizal cells (see Harley & Smith 1983), suggest that mycorrhizas increase the
levels of root cytokinins.
Cytokinins have major roles in leaf longevity (an important component of
productivity), in the resistance of plants to stress conditions, and in flower
morphogenesis (Bruinsma 1979). Decreases in leaf longevity in response to
some nutrient deficiencies may be issociated with decreases in cytokinin
production in the roots (Bruinsma 1979). The production of zeatin by emerg-
ing aerial nodal roots of maize is associated with both an increase in photo-
synthesis and a temporary decrease in leaf expansion rate (Je3ko 1981), while
the breaking of dormancy in  Pseudotsuga menziesii in spring, and shoot
elongation in pear and apple are strongly associated with gibberellin produc-
tion in the roots (Bruinsma 1979).
Independent of increased nutrient uptake, some ectomycorrhizal and some
VA mycorrhizal fungi have physiological effects which are consistent with
crokinin production by the fungus or the associated plant cells (citrus, Levy &
Krikun 1980; grasses, Allen  et al.  1980; P. menziesii, Parke et al.  1983). Parke
et al.  (1983) droughted seedlings of  P. menziesn and found that mycorrhizal
seedlings developed much more negative leaf water potentials than non-
mycorrhizal seedlings; furthermore, on rewetting, seedlings infected with
some mycorrhizal fungi had photosynthetic rates ten times as great as those
of non-mycorrhizal seedlings. It may be that judicious selection of mycorrhizal
fungi is one avenue for manipulation of growth-regulating substances in the
plant.
Growth regulator production by roots deserves increased quantitative study,
particularly with regard to the breaking of dormancy, water and nutrient
stress, and leaf longevity. Is there a quantitative relationship between root
apex numbers or total apex volume, growth factor production, and shoot
activity? Nambiar  et al.  (1982) showed that IWO- or three-fold differences
existed between Pinus radiata  genotypes in the numbers of new apices, and
in the root length, produced at both 8°C and 11°C in regenerating roots; the
implications of such observations for shoot growth, as well as for ion and
water uptake, should be examined.
Obviously, a major interaction between roots and shoots is assimilate
transfer to roots. Isebrands and Nelson (1983) found that assimilate distribu-
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tion shifted dramatically in a basipetal direction following bud-set in poplar,
and in one clone 60% of the assimilate from mature leaves was translocated
to the•root. TWo clones differed in time of bud-set by four weeks, and they
suggested that the larger amount of assimilate transferred to rootsiti the clone
with earlier bud-set (which also produced the larger root/shoot ratio) could
explain why it grew well in a wider• range of soils.
V. CONCLUSION
Productivity is often (perhaps usually) limited bY soil resources. Although
there are increasing numbers of reports on genotypex fertility interactions, it
is rare for such phenomena to be dissected with regard to the two cardinal
factors: (a) the efficiency of water and nutrient uptake from soil (the subject
of this paper), and (b) the efficiency with which these resources are used after
they have been absorbed. Both factors need to be addressed.
There is considerable scope for a greater quantitative understanding of roots
and mycorrhizas in the use of soil resources, in growth factor production, and
in the use of assimilates, before we can have a full understanding of root
growth and tree productivity. Genetic variation in the amount of assimilate
going to the roots, relative to that going to the harvested product, is worth
examining, but the question of how much root a tree 'needs' cannot be divorced
from site management considerations. Trees have evolved for persistence in
a wide range of conditions, not for productivity — the parameter with which
we are concerned when they are grown as crop plants. In general, a relation
exists between extensive root growth, adaptability to a wide range of soils,
and effective competition with other species. A basic question is whether we
should select genotypes which can adapt to a wide range of sites (with increased
'costs' of root production) or whether we should select genotypes specifically
for fertile sites, subject to high inputs and intensive management.
I have not dealt with ways of manipulating roots and their functions by
employing management practices; instead I have concentrated on exploiting
plant genetic and mycorrhizal variation. I suggest that tree species are fairly
'conservative' compared with other species in the amount of assimilate that
they divert to root growth, but this does not mean that we cannot select more
efficient ideotypes. Trees have evolved two efficient mechanisms giving great
flexibility, (a) the production and turnover of fine roots, and (b) mycorrhizas.
Genotypic differences probably exist in almost every parameter of root struc-
ture and function discussed above, and mycorrhizas provide a large genome
from which we may select genotypes that will enhance tree growth in many
situations.
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I. INTRODUCTION: THE NEED FOR DESIGNED
SYSTEMS
Competition for land resources requires silviculturists and land managers to
examine seriously ways to improve crop yields, sustain productivity, and to
produce a variety of products from each land unit. The trend toward shorter
rotations, and the increasing costs of off-site inputs make this requirement
particularly evident. There is a need, therefore, for designed systems which
incorporate crop mixtures, and which exploit on-site factors (like N2 fixers)
that can provide continuous inputs, rather than for the 'one-shot' single factor
approach of our current cultural practices.
Two hypotheses underlie this paper: first, that the biochemical and physio-
logical interactions of microbes and forest crops present a vast and little
exploited opportunity to understand sustained forest productivity; and second,
that tree crop systems can be designed so that crop requirements — for
nutrients, water and protection from pests — are supplied, to a much greater
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degree than at present, from on-site resources, eliminating or greatly reducing
the need for energy and materials from off-site sources.
Most forest researchers will-find the first hypothesis credible; few would
seriously entertain the second. Nevertheless, we will argue that the genius of
forestry and tree crop production generally lies precisely in providing more
on-site resources. Under most economic conditions throughout the world,
minimization of off-site additions to crops results in cost savings, if yields are
maintained. Thus, for example, the substitution of symbiotically fixed nitrogen
for commercial fertilizers is attractive in economies where fossil fuels are
scarce or expensive (Domingo 1983). In effect, on-site photosynthate is
substituted for off-site hydrocarbon with a high 'up-front' cost.
Our purpose here is to explore, from the point of view of silviculturists,
some of the diversity of micro-organisms and physiological processes available
for inclusion in integrated tree crop systems (Gordon & Avery 1983) and to
suggest some ways in which they are, or can be, used to increase yields.
II. BIOLOGICAL DIVERSITY IN TREE-MICROBE
SYSTEMS
An enormous variety of microbes and associated higher plants are available
for use in constructing crop systems. Here, we will emphasize nitrogen-fixing
and mycorrhizal organisms. The broad range of micro-organisms involved in
decomposition and nitrogen transformation, and their invertebrate partners,
provides an equally rich potential, which we treat only cursorily (Nadelhoffer
et al. 1983).
A. 'Frei -living nitrogen fixers
Relatively little is known about the occurrence, distribution and importance of
free-living, nitrogenase-containing micro-organisrns in forest soils. In general,
their net input of nitrogen into forest soils is estimated to be low everywhere,
and in some places nonexistent (Akkermans & Houwers 1983). Redent re-
search indicates that foliar free-living bacteria contribute less fixed nitrogen
to temperate trees than previously thought (Jones 1982). Nevertheless, those
frtt-living organisms, Cipable themselves of photosynthesis (ie the Cyanobac-
teria br blue-green algae), or those capåble of living in close association with
roots (rhizosphere organisms), have the potential to add appreciable quantities
of nitrogen to some sites. The overriding limitation on the use of free-living
organisms is energy supply (see below). Unless - through selection, mutation
or the application of recombinant DNA techniques - free-living nitrogen
fixers can be made photosynthetically more effective, or can be given greater
access to the photosynthetic capacity of higher plants, their contribution
will remain small. Perhaps, in the latter .case, trees with roots that 'leak'
carbohydrates can be selected or developed to enhance fixation by rhizosphere
organisms. Those organiSms that are photosynthetic, such as the Cyanobac-
teria,' are handicapped as crop components, because they are restricted to the
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surface or uppermost layer of the forest floor if they are to intercept light and
thus be photosynthetically effective. Nevertheless, if free-living organisms
can be adequately supplied with energy, perhaps by direct coupling with
decomposers, they have at least two potential advantages for crop improve-
ment: (a) the Cyanobacteria add a large, diverse taxonomic group to the
arsenal of crop components, and (b) free-living organisms generally can be
easily transported and distributed over a wide range of soils and crops.
B.  Other free-living organisms
Nitrogen, and other plant nutrients are ordinarily not available for uptake by
tree crops when in organic combination. Also, partially decomposed organic
matter — derived from the sloughing off of plant parts, and acted upon by
vertebrate, invertebrate and micro-organism decomposers — strongly affects
soil properties by its quantity and kind. Some far-reaching effects have been
attributed to decomposition rates; for example, Harrison (cited by Chambers
1983) attribules the prevalence of rural poverty in the tropics to rapid organic
matter decomposition rates. In many places, for many cultural purposes, it
would be advantageous to speed up or slow down rates of organic matter
decomposition, and many cultural techniques now in use (eg clear-cutting,
thinning, fertilization, burning and swamp drainage) affect decomposition
rates. Little effort, however, has been focused on manipulating micro-
organism populations directly to alter organic matter decomposition rates.
Nadelhoffer et al. (1983).report that total soil nitrogen was not related to
nitrogen mineralization rate, and recommended that increasing the size of
the actively cycling nitrogen pool would increase forest productivity. The
deliberate decomposition of Fames-infected stump and root systems, and the
addition of decomposers to Pinus contona slash are operational in pilot-scale
experiments.
Similarly, the direct modification of nitrogen-transforming microbe popula-
tions in tree crops, to reduce nitrogen Volatilization or to affect nitrate supplies,
has not been tried on any large scale, although research on environmental
influences on soil nitrogen transformation has -been extensive (Alexander
1977). Because of the close coupling of decomposition, denitrification, and
nitrogen uptake in most forest soils, little impr6vementis thought to be
possible, beyond the acceleration of decomposition in certain temperate and
boreal systems (Wollum & Davey 1975). Nevertheless, the slowing or altera-
tion of decomposition may be beneficial in certain tropical and subtropical
tree-soil combinations, where the objective is to increase the soil organic
matter content, as on mine spoils, or in -the rehabilitation of waste lands
created by a combination of overcropping and drought.
C. Mycorrhizal fungi
Mycorrhizas are the result of a symbiotic biotrophy between a fungus and the
absorbing organ, usually a root, of a host plant, An enormous array of fungal
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species, fungus-host combinations and functional inter-relationships occur in
nature (Mosse et al.  1981). Trappe (1977) estimated that at least 2000 species
of fungus form mycorrhizal associations with  Pseudotsuga menziesii  alone.
Also, because fungal hyphae extend from mycorrhizas far into soil uncolonized
by roots or mycorrhizas, the absorbing capacity of the host can be vastly,
increased. Thus, a decision to study only roots or mycorrhizas may seriously
under-estimate the role of mycorrhizal fungi in nutrient and water uptake
(Fogel 1979). Conversely, if carbon allocation from host plant photosynthesis
to only mycorrhizas and roots is measured, the carbon uptake related to
nutrient and water absorption may also be seriously under-estimated (France &
Reid 1983).
Mycorrhizas, and their associated hyphae, absorb and store nutrients, as
well as increase nutrient solubility through the release of organic acids, and
perhaps through the enzymatic decomposition of soil organic compounds
(Reid & Hacskaylo 1982).
The most spectacular effects of deliberate inoculation with mycorrhizal
fungi have been in nurseries that (a) were prairie soils (Hacskaylo 1973), (b)
were previously used for annual agriculture, or (c) were fumigated to kill
pathogens and thus were depleted of beneficial fungi. Field inoculation of
highly disturbed soils may promote the establishment of planted seedlings,
or may speed revegetation of denuded areas. Several reports indicate that
harvesting and site preparation activities can alter naturally occurring levels
of inoculum (Mikola 1948; Shaw & Sidle 1983). Currently, inoculum of fungal
species, and inoculation techniques are being prepared for use in nursery
culture (Marx & Barnett 1974; Molina & Chamard 1983), but studies linking
nursery inoculation, tree establishment, and -stand performance in defined
cultural systems are lacking. Part of the problem is the laboriousness of field
studies on mycorrhizal quantity, turnover and function (Fogel 1979). Perhaps
an even larger problem is the 'single factor' view , which either focuses entirely
on, or completely ignores, the existence of mycorrhizas. Nevertheless, the
diversity of associations, functions and species of fungi and hosts promises
large rewards, if a systematic effort is made to manipulate mycorrhizal fungi
as a component of all tree crop systems.
D. Symbiotic nitrogen-fixation
At least two genera of nitrogen-fixing bacteria are capable of infecting the
roots of some woody plants (hosts), with the result that 'nodules' (modified
lateral roots harbouring the bacteria) are formed. Within the nodules, the
nitrogen-fixing (nil) genes of the bacterium are expressed, and the reduction
of N2 to the level of NH3 is fueled by photosynthate supplied by the host.
The nodules also create conditions . under which the nitrogenase enzyme
complex is protected from excessive oxygen, and where reduced nitrogen is
assimilated into amino acids, which arc subsequently transported within the
plant. This process allows infected trees to grow and to reproduce with a very
small input of exogenous available nitrogen.
The taxonomic diversity of these relationships is, again, enormous. The
family Leguminosae, primarily known in agriculture as pulses and pasture
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crops, is, in reality, primarily a family of tropical woody-plants (Becking
1982), with several subtropical and temperate representatives widely used in
forestry and horticulture. The legume-Rhizobium symbiosis has been studied
for agricultural crops, and studies are under way in selected woody species.
Indeed, the only known non-legume to be effectively nodulated by  a Rhizobiurn
species is a woody member of the genus Parasponia (Ulmaceae). Inoculation
with 'superior' strains of  Rhizobium is common practice in agriculture, but it
is as yet rarely done on tree crops. Often, tree legumes are widely planted
without knowing the effectiveness or persistence of nodulation, and little is
known, for woody species, about competition between inoculated  Rhizobia
and naturally occurring wild types. Nevertheless, nitrogen fixation rates of
50-200 kg ha- 'yr- ' have been reported (Becking 1982), and beneficial effects
of leguminous trees on companion crops have been known for a long time.
Less well known are thc woody species exhibiting Alnus-type, or actinor-
hizal, symbioses with  Frankia  species. Only in the last 10 years have Frankia
endophytes been definitively isolated in pure culture (Callaham et al.  1978),
although the soil-improving qualities of alders have long been recognized.
Currently, 20 genera, mostly woody, are known to be nodulated by  Frankia.
Of these, Alnus  is the most studied and most used in temperate forestry, and
the Casuarinas, particularly  Casuarina eqMselifolia, are best known in tropical
locations (Bond 1976; Lawrie 1982). Although, with few exceptions, both
hosts and endophytes are less well known than legumes and rhizobia, their
taxonomic and habitat diversity is greater, and for this reason they may shOw
equal or greater promise in tree crop systems. The greater taxonomic diversity
of  Frankia  symbioses, relative to  Rhizobium symbioses, may also mean that,
if attempts are to be made to transfer symbioses to non-nodulating species, it
should be first tried with  Frankia  rather than with  Rhizobium.
Three concerns are paramount in research on nitrogen-fixing trees. First,
the available diversity should be captured, catalogued and used before we
focus too much on one or a few species. Second, the characteristics of optimum
symbioses, for specific systems, should be defined and used to select hosts
and endophytes jointly. Third, the costs and benefits of symbiotic nitrogen
fixation need to be explored more rigorously, because both arc real but
unquantified for most systems (Turvey & Smethurst 1983). Economic analysis
will undoubtedly temper any euphoria about 'free' nitrogen. The management
and energy costs of symbiotically fixed nitrogen are high, and it will be
used only in those systems where the use of industrially fixed nitrogen is
economically or socially constrained (Gordon 1983).
III. ENERGY RELATIONS IN TREE-MICROBE
INTERACTIONS
The governing factor, if there can be said to be one in tree-microbe relations,
is the capture and partitioning of energy within the crop. For free-living
microbes, the proviSion of energy from tree to microbe is indirect or non-
existent (as in the Cyanobacteria), and is best viewed in the context of
ecosystem carbon cycling. The physiology of the host-endophyte, or host-
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mycosymbiont, interaction is, on the other hand, intimate and complex. The
diversion of host photosynthate to nodules or mycorrhizas imMediately raises
the practical question of whether the investment is worthwhile, or whether
the energy would be better used in the economically valuable portion of the
crop. To answer this question fully requires a better understanding of host-
symbiont physiology than we now have. Here, we attempt a general treatment
of the major features of photosynthate production and allocation in infected
trees.
A. Photosynthate production
Insofar as symbionts provide trees with additional nitrogen, nutrients and
water, they have the capacity to increase dry matter production directly by
increasing rates of photosynthesis and leaf areas. Symbionts may also increase
photosynthetic rates by providing additional metabolic sinks where photo-
synthates can be off-loaded (l'aul & Kucey 1981). Nodules on Alnus, for
example, have been calculated to be stronger sinks than the vascular-cambium
(Bormann & Gordon 1984). Set against these increases are reductions in
net photosynthetic production resulting from (a) the respiration costs of
maintaining microsymbiont tissues, as well as tissue produced in the host in
response to infection, and (b) the increased absorption and reduction of
nutrient compounds. The latter are, of course, particularly severe for nitrogen-
fixing symbioses. Most nodulating species will grow more rapidly if kept in
the unnodulated state and provided with combined nitrogen, indicating that
the energy cost of symbiotic nitrogen is higher than the cost of absorbing
combined nitrogen from the soil solution (Dawson & Gordon 1979). Indeed,
nitrogen reduction in nodules is ultimately limited by the photosynthetic
capacity of the host, as indicated by studies of the effect of enhanced or
retarded host photosynthesis on nitrogen reduction rates in nodules(I lardy &
Havelka 1976; Gordon & Wheeler 1978). Thus, the enhancement of photo-
synthetic capacity, by genetic or cultural means (other than by applying
combined nitrogen), may enhance growth and dry mass accumulation more
in nodulated than in unnodulated plants. An inevitable consequence of
enhanced photosynthetic capacity is enhanced nodular nitrogen reduction, if
patterns of photosynthate distribution within the plant remain the same
(Gordon & Wheeler 1978).
B. Photosynthate distribution
Loomis (1953) proposed a 'growth correlation' model of photosynthate distri-
bution for plants that , with modification, can describe this process in nodulated
or mycorrhizal trees. Thus, the apical meristems of the top take precedence
over the root apical meristems as sinks for photosynthetic carbon, with the
lateral meristems taking lowest priority. Nodules, and by inference my-
corrhizas, enhance the ability of roots to attract photosynthates. According to
Loomis (1953), if the growth of apical meristems of the top is retarded
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by some environmental influence, without greatly decreasing the plant's
photosynthetic capacity, an 'excess' of photosynthate can be created in the
top. If cambial and root metabolic activity persists, a greater proportion of
total photosynthate will reach them than before. In these circumstances,
nodulated or mycorrhizal plants should allocate more carbon to below-ground
dry mass and respiration than uninfected plants. In a study of  Vida faba
infected by both a vesicular-arbuscular mycorrhizal fungus and a nodule
causing  Rhizobium,  Paul and Kucey (1981) found that infection increased
both carbon fixation and carbon allocation to roots. Further, infection with
both microsymbionts increased nitrogen fixation, in comparison with those
plants infected with  Rhizobium alone. Similar studies should be pursued with
woody species, to determine if optimum combinations of symbionts exist that
enhance both photosynthesis and nitrogen fixation.
The Loomis model further predicts that root and top growth and dry mass
accumulation will be cyclic. Increased allocation to roots should cause greater
uptake of nutrients and reduction of nitrogen, which should, in turn, stimulate
top growth — unless it is constrained by dormancy processes. Also, nutrient
or water stress, which constrain top growth, should bring about a greater
allocation of photosynt hate to roots, and especially to mycorrhizas and nodules
if they form higher order sinks. This hypothesis is consistent with the fact
that  (a)  a greater fraction (40-60%) of total carbon is allocated to tree roots
and mycorrhizas on poor than on favourable sites (Keyes & Grier 1981; Vogt
et al.  1982; Cannell, McMurtrie, this volume), and (b) mycorrhizas and
nodules form 'vigorously' on plants in poor soils and in high light environments
(Hatch 1937; BjOrkman 1942).
A paradox. arises from the observation that, at least within a species, hosts
with the greatest photosynthetic capacity exhibit the greatest nitrogen fixation
rates (Gordon & Wheeler 1978;  Monaco  et al.  1982). This paradox results
from comparing nodulated plants with other nodulated plants, and merely
indicates that those symbioses having the combined properties of 'vigorous'
nodules and 'effective' leaves do relatively better as nitrogen fixers.
IV. EXAMPLES OF MANAGEMENT TECHNIQUES
Although the age of fully defined crops has not yet dawned, many examples
of the purposeful use of microbes and microbial symbioses exist. A few
examples involving trees as a crop component are given here.
A. Mycorrhizal fungi
Most operational applications of mycorrhizal inoculum have been as a single-
factor additive, rather than as a portion of a whole designed system. The use
of  l'isolithus  Onaorius inoculation of pine seedlings in the nursery, before
outplanting on degraded sites (Marx et al. 1977), has been successful in
increasing field survival and growth, and can be viewed as a system component
for growing wood on poor or disturbed sites. The wide distribution of
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Aso! tthus tinctoriusindicates that its use as a system component is potentially
worldwide (Marx 1977). Similarly, the inoculation of nursery beds, after
fumigation, or to promote the growth of exotic specics, has become fairly
common (Mikola 1970).
B. Symbiotic nitrogen fixation
Plants capable of symbiotic nitrogen fixation are used in specialized systems,
such as on spoil or dune reclamation sites (Gadgil 1983), in seed orchards
(Tarrant 1983), and in forest grazing systems (Giumelli 1978). Funk et al.
(1979) report thatjuglans ntgragrown in mixture with autumn olive (Elaegnus
umbellata)was, on average, 82% taller after 9 years in the field, compared
with 1. ntgragrown in pure stands. As yet, nitrogen-fixing symbionts have
not been used on a large scale to replace commercially prepared fertilizers on
'normal' sites (Turvey & Smethurst 1983), even though most forests respond
to added fixed nitrogen with increased growth. N, fixers have not been used,
for the most part, because(a) species capable of symbiotic nitrogen fixation
are either poorly adapted to forest conditions (eg pasture legumes) or are
poorly understood (egCeanothusp.), (b) it is feared that the N, fixers Will
become weeds, (c) seed or planting stock is poorly available, and (d) there is
uncertainty about the costs and benefits (Gordon 1983).
C. Designed systems
The use of on-site resources to grow tree crops will increase slowly until whole
systems are designed and tested with respect to specific production objectives.
A convenient device for designing plant production systems, and accounting
for their components, is provided by a maximum yield model (Gordon et al.
1983) that converts all photosynthetically active radiation intercepted at a site
to dry mass by explicit processes, coupled with an assessment of silvicultural
objectives (Stoltenberg et al. 1970). In this approach, all site factors are
related to the biological and physical processes that are-directly involved in
photosynt hate production and distribution, and all economic and social factors
are related to the size and quality of the useful portion of the dry mass produced
(Gordon & Avery 1983). This 'model' also can be used to accommodate the
'ideotype' approach to plant design, if an 'ideotype' is viewed as an optimal
stand participant.
The starting point for this synthesis is the production objective for a given
site or class of sites, usually derived by considering larger individual or .
organizational goals. Potential stand production is then calculated and com-
pared with an estimate of current production in an unimproved' system.
Strategies (genetic and cultural) for increasing yield (or for maintaining it at
lower cost) are then devised using the most basic biological and site informa-
tion. This approach is particularly useful in the construction of ideotypes
which couple both basic plant biology to field performance, and individual
plant performance to stand performance. The principal virtue of the approach
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is that it (a) links all major components of production to the processes
governing photosynthesis, and (b) forces accounting of all dry mass produced
on the site (Gordon et al. 1983). Further, it illustrates the improvability of
yields and the role of all components.
Models of this kind are, like all models, abstractions, and are therefore
imperfect. Nevertheless, they offer an avenue leading away from the single-
factor approach towards yield improvement. Microbes, as symbionts of higher
plants and as 'free-livers', should be a significant quantitative part of these
models (Fogel & Hunt 1983), as well as a flexible component for genetic and
cultural manipulation.
V. INFORMATION NEEDS AND OPPORTUNITIES
Because symbioses represent the closest possible coupling betwee. n higher
plants and microbes, research on their functioning should receive high
priority. A complete inventory of hosts and endophytes should be initiated,
and definitive collections of promising host and endophyte material should be
assembled at several locations. Hacskaylo . (1982) listed several topics of
importance in mycorrhizal research: (a) better methods of measuring mycelial
extent, (b) detailed information on the formation and development of ecto-
mycorrhizas, (c) information on linkages between host carbohydrate supply
and mycorrhizal nutrient uptake, (d) the role of growth factors produced by
host and fungus, and (e) techniques for the genetic manipulation of fungi,
which could be applied with little modification to nitrogen-fixing symbioses.
The description of optimum hostlendophyte combinations, and the develop-
ment of methods to screen for them, will be indispensible.
The manipulation and selection of free-living populations of forest fungi
and bacteria have hardly begun. Work on organisms found on the forest floor,
that play a key role in organic matter decomposition and the nitrogen cycle,
will probably pay the greatest cultural dividends. The competitive ability of
selected, introduced microbes will, as in agriculture, be a primary determinant
of their utility. Also, the vulnerability of both free-living and symbiotic forest
microbes to atmospheric pollutants, particularly ozone and acid deposition,
should be a subject of concern.
VI. SUMMARY AND CONCLUSIONS
• The biological diversity of symbiotic and free-living forest microbes presents
a little-explored opportunity for improving the yield of tree crops. Selection
of appropriate microbial components, for specificproduction systems, requires
an approach that includes all system parts and their interactions. Fundamental
advances in our knowledge of the energy costs and benefits of symbioses and
free-living microbes are necessary to be able to describe the whole system,
and to be able to design high-yielding plantations that require minimum
inputs from sources external to the stand itself.
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TREE CROPS AS SOIL IMPROVERS IN THE
HUMID TROPICS?
P. A. SANCHEZ C A. PALM, C. B. DAVEY, L T. SZOTT and
C. E. RUSSELL
Departments of Soil Science and Forest Resources, North Carolina
State University, Raleigh, USA
I. INTRODUCTION
The forests of the humid tropics comprise a valuable resource which it is
desirable to conserve, but which also has the potential to provide more land
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to increase food and fibre production. The productive use of humid tropical
ecosystems has aroused a great deal of controversy. It is commonly believed
that soils of the humid tropics are fragile and unsuitable for agricultural
development. During the last decade, much has been learned about the
properties and distribution of soils in the humid tropics (Drosdoff 1972;
Sanchez & Buol 1975; IRRI 1980; Cochrane & Sanchez 1982; National
Research Council 1982), and considerable advances have also been made in
understanding the soil processes involved in sustained management systems
for the production of annual crops, pastures, and perennial crops in the humid
tropics (Pushparajah & Amin 1977; Serrao et al.  1979; Alvim 1981; Greenland
1981; Toledo & Serrao 1982; Sanchez et al.  1982, 1983).
Despite these advances, it is commonly believed that trees are the only
viable means of producing food and fibre on a sustained basis, because
tree stands most closely resemble the natural ecosystem, and because their
management would require few inputs. The accumulation of large amounts
of biomass on acid, infertile soils — seemingly due to rapid and efficient
nutrient cycling — suggests that tropical forests function in a fundamentally
different way to annual crops and pastures. It is not known if the same
.conditions would exist in more artificial production-Orientated forests or tree
crops.
The purpose of this paper is to examine the available information on the
effect of deliberately planted tree crops on soil properties in the humid tropics,
and to compare them, whenever possible, with alternative systems such as
native forests, annual crops, pastures, or fallows.
H. APPROACH
A. The Lundgren model
A thorough review of the effect of fast-growing tree plantations on soil
dynamics in tropical highlands and subtropical regions, by Lundgren (1978),
provides a Suitable starting point for this paper. Lundgren proposed a concep-
tual model (Fig. 1) of the dynamics of soil organic matter, nutrients, and bulk
density during seven different stages of plantation development. According
to the model, soil organic matter content decreases after clearing, burning,
and plantation establishment. After canopy closure — the fallow enrichment
phase — organic matter increases, but then decreases during the maximum
production phase, which terminates with harvest of the first rotation. Organic
matter further decreases after felling, logging, burning, and the start of the
second rotation. Bulk density follows a pattern opposite to that of organic
matter. Mineral nutrients increase after clearing, but then decreasethroughout
the three stages of the first rotation. Following harvest and burning, prior to
the second rotation, nutrient levels increase again. The model does not suggest
overall improvements in soil properties with fast-growing tree plantations and,
in fact, suggests a general decline in soil properties.
'The major conclusions that may be drawn from Lundgren's review are as
follows.
Time  —sr
329
Organc matter
Snl bulk density
Mineral nutrients
Second
• rotation4
1 3.5 5-10 5-10
Span of years in each phase
FIGURE / . Lundgren's model of the effect of clearing natural forests and growing
fast-growing tree plantations on soil properties in the tropics (from Lundgren 1978).
I. Soil changes invariably occur when natural forests arc converted into
iree plantations. However, soil differences are reported in the literature, with
little indication of the proCCsses involved. Also, spatial variability is often
confounded with changes over time, when plantations of different age are
sampled at the same time. And soil properties are often confounded with
genetic improvement and silvicultural practices.
2. Beneficial effects of trees on soil properties are found primarily when
soils, degraded by poor management, are reafforested.
3. The establishment of i he most commonly used species (pine,Eucalyptus
and teak) is associated with a relatively pronounced deterioration in soil
physical, chemical, and biological properties.
4. Soil degradation' is likely to be faster in lowland humid and sub-humid
tropical conditions than the subtropics or tropical highlands.
5. There is no clear evidence whether the declines in yield that can occur
during second rotations are due to soil degradation or to poor silvicultural
practices. Decreases in soil organic matter, for example, do not result in
immediate yield declines. Nevertheless, soil degradation is widely assumed to
be the major culprit.
6. There is not a single cast in the tropics where better growth during the
second rotation can be attributed to improved soil properties, unless fertilizers
are applied.
7. Consequently, soil management, including fertilization, will become a
Soil degradation has been definedas the 'result of one or more processes that lessen the
current and potential capability of a soil to produce, quantitatively and/nr qualitatively, goods or
services' (FAO 1977).
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necessity for tropical plantation forestry, as is already the case with successful
perennial crop production systems.
Lundgren (1978) considered the model in Figure I to be a working hypoth-
esis, and urged researchers to develop hypotheses about the quality and
direction of soil changes under man-made forests for specific ecosystems,
soils, tree species, and management practices.
Approximate scale
along the Equator
0 1600 2000 3600km
1:47 million
B. Focus of this review
We shall use Lundgren's model to assess the effects of establishing tree crops
after forest clearing on the dominant soil types of the humid tropics. The sub-
humid or semi-arid lowland tropiCs, with protracted dry seasons, and tropical
highlands, are excluded from the analysis. The tree crops considered include
fast-growing forest tree species, and also perennial plantation crops such as
rubber, oil palm, and cacao. The effects of forest fallows on soil properties
are not included, because this subject deserves a separate review.
The humid tropics can be defined as areas having a udic soil moisture
regime and an isohyperthermic soil temperature regime (Soil Survey Staff
1975). These terms denote areas with an annual rainfall of 1,500 mm or more,
a dry season of less than four months' duration, and a mean annual temperature
above 22 °C with little seasonal or diurnal variation (National Research Council
1982). The geographic distribution of the humid tropics according to this
definition is shown in Figure 2.
The distribution of the main soils of the humid tropics is now better
understood, since the publication of the FAO-UNESCO World Soil Map arid
r  C:
Equator
FIGURE 2. The humid tropics (about 1,500 million hectares).
20. Trees as tropical soil improvers? 331
of many national land resource inventories. A summary of the main soils is
given in Table I. Well-drained, acid, inherently infertile soils, classified as
Oxisols and Ultisols, cover about 63% of the humid tropics. Moderately
fertile, well-drained soils (Alfisols, Vertisols, Andisols, Tropepts, Fluvents,
and Mollisols) cover only 15% of the ecosystem. Poorly drained soils (Aquepts)
cover 8%, very infertile sandy soils (Psamments, Spodosols) 7%, shallow soils
5%, and organic soils 2%. A significant proportion of the literature on soil-
TABLE I. Simplified description of the major soils in the humid tropics, covering
1,489 million hectares (from Sanchez 1982)
Soil order % of humid Description and equivalent terminology
and Suborder tropics
Oxisols 35 Highly weathered, deep, red or yellowish, well-drained,
acid, low base status soils with generally excellent soil
structure. Loamy or clayey textures; no important in-
creases in clay with depth. Other names: Ferralsols
(FAO), Sols ferralitiques fortement desaturees (French),
Latosols (Brazilian).
Ultisols 28 Similar to Oxisols except for a clay increase with depth.
similar chemical limitations. Textures range from sandy
to clayey. Other names: Red Yellow Podzolics, Acrisols
and Dystric Nitosols (FAO), Sols ferralioques (French).
I nceptisols: 4 Young soils with A-B-C horizon development but no
other diagnostic horizons. Fertility highly variable. Other
names: Brown tropical soils, many paddy soils.
Aquepts (8) Poorly drained Inceptisols.
Tropepts (6) Well-drained Inceptisols (Dystropepts = acid; Eutro-
pepts = high base status).
Entisols: 14 Young soils without A-B-C horizon development Gener-
ally high fertility except for sandy soils.
Psamments (6) Sandy (Deep sands, Arenosols, Regosols).
Lithic (5) Shallow soils.
Fluvents (3) Alluvial.
Alfisols: 4 Higher base status than Ultisols, but similar otherwise.
Includes the more fertile tropical red soils. Dominant soils
of West African sub-humid tropics and savannas. Other
names: Luvisols (FAO), sols ferrugineux (French), Red
Earths (Australia): Ochrosols (Ghana).
Histosols Organic soils (>20% organic matter). Peat soils.
Andisols I Volcanic soils. Andosols, Andept.
Spodosols 1 Podzols.
Mollisols 0.5 Black soils derived from calcareous materials.,Known as
Chernozems and Rendzinas.
Vertisols 0.3 Dark heavy clay soils that shrink, crack and swell. Other
names: Grumusols, Dark cotton soils.
Aridisols 0.1 Saline soils.,
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tree relationships is derived from research conducted on less extensive, fertile
soils (Alfisols) or on extremely infertile sandy soils (Spodosols). The most
extensive constraints to agricultural production, according to the Fertility
Capability Classification system, are chemical rather than physical (Table 11).
The danger of laterite or plinthite formation is not significant enough to be
included in this table.
TABLE IL The most important soil constraints in the humid tropics, according to
the Fertility Capability Soil Classification System (Sanchezet al. I982b,c)
Soil constraint'
Low nutrient reserves 929 66
Aluminium toxicity 808 57
High phosphorus fixation 550 38
Acid, but not Al-toxic 253 18
Steep slopes (>30%) 240 17
Poor drainage 187 13
Low cation exchange capacity 161 I I
Shallow soils (<50cm) 97 7
Organic soils 27 2
Gravel 14 1
Allophane 10 1
Shrink-swell 9 I
Total area
Million Percentage of
hectares humid tropics
1,489 100
Deficiencies uf N, Mg, S and micronutrients plusitemporary drought stress are widespread
but cannot be quantified.
C. Methodology
Data used in this analysis were compiled ffom a literature search, from
Chijicke (1980), and from data or soil samples provided by Latin American
and south-east Asian colleagues. Attention was given to long-term data sets
that included proper soil characterization, so that results could be interpreted
in relation to the geographical distribution of soils and their constraints to
agricultural production (Tables I and II).
Two types of long-term data sets are available: Type I, where soil dynamics
are followed with time on the same site, and Type II, where soils under
neighbouring plantations, of knownbut different ages, are sampled at the
same time. Type I data sets are preferred, but they are scarce. Type II data
sets confound time with spatial variability, and assume that measured soil
differences reflect the effects of time or management and not different initial
soil properties. Although the limitation of such experiments are well under-
stood (Andriesse 1977; Lundgren 1978; 011agnieret al. 1978), they provide
the bulk of the available data.
We included, in our analysis, Type II studies which reported little difference
in soil particle size distribution with depth between sites. Particle size distribu-
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tion in the profile is a soil propeny that is not considered subject to change
with management or time, and should therefore be a good indication of
whether or not two soils are similar. An example is shown in Table III, from
the work of Russell (1983) in Ultisols of Jail in the Brazilian Amazon.
Differences in sand and clay content were small and not statistically significant,
so we assumed that the soils were similar. Studies providing data that clearly
show major differences in soil texture between sites, and those providing no
soil profile data at all, were excluded from this analysis.
TABLE Ill. Bulk density and texture of the soils at five sandy Ultisol sites sampled
in July 1980 at Jari, Pali, Brazil (from Russell 1983)
An example of a data set that was rejected was a study of teak plantations,
0 to 120 years of age, in Kerala, India (Jose & Koshy 1972). Major changes
in topsoil organic matter and bulk density with time (plantations of different
ages) were reported, and have been widely quoted. Examination of the soil
profile data, however, showed considerable differences in the clay and sand
contents in the soil profiles at the different sites, supporting the plantations
of different ages. Clay content is directly correlated with organic matter
content, while bulk density is positively correlated with sand content. It
appears very likely, therefore, that the values for organic matter content and
bulk density were a function of site differences in soil texture, rather than the
effect of teak plantations over time. Some of the comparisons reported by
Chijicke (1980) also failed to meet our soil uniformity criteria.
The data sets selected (Type I and Type II) were used to examine soil
changes during the five main phases of tree crop development shown in
Lundgren's model: forest clearing and crop establishment, fallow enrichment,
maximum production, felling and harvesting the first rotation, and the begin-
ning of the second rotation.
III. CLEARING AND CROP ESTABLISHMENT PHASE
Extensive research has been conducted on soil dynamics during land clearing
and plant establishment in Oxisols and Ultisols of the humid tropics (Laudelot
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1961; Brinkmann & Nascimento 1973; Falesi 1976; Sanchez 1976, 1979;
Andriesse 1977; Seubert et  al. 1977; 011agnier et  at 1978; Silva 1978, 1980,
I982a,b, 1983; Serråo et  al. 1979; Chijicke 1980; Hecht 1983; Sanchez et  al.
1983; Pushparajah 1984; Gillman 1984). A summary of the results will be
presented here, in addition to details of specific studies. Type I experiments,
that monitor soil properties from before clearing tropical rainforests to one to
two years after clearing, provide a general trend.
A. Clearing
The general effect of clearing by slash-and-burn techniques can be summarized
as follows.
I. Maximum surface soil temperatures increase.
2. Rainfall reaching the soil surface increases because there is no tree
canopy to intercept and evaporate a significant proportion of the rainfall.
Raindrop impact also increases. Evaporation rates from the exposed soil
surface are more rapid.
3. Surface soil compactron, and increased runoff and erosion occur during
high intensity rains, if the forest canopy is not replaced by another plant
canopy. These effects are likely to be more severe on sloping land, in ustic
rather than udic soil moisture regimes, and in Ultisols with sandy topsoil
textures rather than in well-granulated loamy or clayey Oxisols.
4. Topsoil organic carbon decreases and approaches a new equilibrium
level, because of higher temperatures, higher rates of decomposition, and
lower litterfall. Topsoil total nitrogen also decreases, but at a more gradual
rate than carbon. Changes in the subsoil are minor, if any.
5. The nutrient content of the ash results in a decrease in soil acidity and
aluminium saturation, and an increase in the availability of P, Ca, Mg, and
K. These effects are reversed with time, but the speed of this reversal varies
widely with ash content, initial soil properties, rainfall, and length of dry
season. Reversal is generally faster in coarse-textured soils under high rainfall
regimes and slower in clayey soils with near ustic soil moisture regimes.
Research conducted on Alfisols of West Africa in the humid and sub-humid
(ustic) tropics (Nye & Greenland 1960, 1964; Le Buanec 1972; Lal 1975,
1981; Lal et  al. 1975, 1985;  No
 Lal 1977; Kang & Lal 1981; Lawson et  al.
1981) shows similar trends, except that there is a much higher initial Ripply
of nutrients, a less marked decline in fertility, and usually greater deterioration
of soil physical properties. In Alfisols with an initial pH of about 6, the
production of large amounts of ash may raise the pH too high, inducing
micronutrient deficiencies (Lal et  al. 1975). A similar effect has been recorded
in southern Bahia, Brazil, when large quantities of ash were added to an
Oxisol (Silva 1982b).
Most mechanized land clearing methods cause immediate negative effects
on both chemical and physical soil properties, because much of the topsoil is
removed and deposited in windrows away from the field. In addition, the
beneficial effects of ash are not realized because the plant biomass is also
removed. Severe soil compaction can take place, both in the topsoil and the
subsoil.
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Comparisons between slash-and-burn and conventional bulldozing tech-
niques show detrimental effects on tree crops similar to that reported for
annual crops or pastures (van der Weert 1974; Lal et at 1975; Seubertet al.
1977). For example, the growth of Cordta alliodoraon Oxisols in Surinam in
an area cleared by bulldozing was one-third of that measured at an adjacent
site cleared by slash-and-burn (van der Weert & Lenselink 1973). The dbh
of cacao trees grown for four years in an Oxisol of southern Bahia, Brazil,
averaged 8-6 cm in the slashed and burned area but only 1.5 cm in the
bulldozed area (Silva 1982). Growth differences were associated with drastic
decreases in water infiltration rates, exchangeable bases and organic carbon
in the bulldozed areas (Silva 1983). Harmful effects of bulldozer land clearing
on Gmelina artfroreagrowth have been reported in Jari, Brazil, and east
Kalimantan, Indonesia (Johnson 1976; Russell 1983).
Although the negative effects of mechanized land clearing are nearly univer-
sal in the humid tropics, Chijicke (1980) suggests that lands cleared for tree
plantations are more adversely affected than those cleared for other uses,
because of logging, skid rows, and other disturbances associated with forest
harvesting.
Improved mechanical land clearing methods that include the use of a shear
blade and burning can largely attenuate the detrimental effects mentioned
above (Couper et al. 1981; Lal 1981; Alegreet al. 1985). Another alternative
commonly used in developed countries is to correct the damage immediately
using chisel ploughs or other decompacting tools, and to apply fertilizers. It
appears more desirable, however, to prevent rather than to correct the damage.
B. Development of a plant canopy
Trees develop a plant canopy that protects the soil surface at a much slower
rate than annual crops or pastures (Broughton 1977). Most tropical tree crops
require two to five years to close their canopy, whereas annual crops usually
provide adequate cover within 30 to 45 days, and pastures within rwo to six
months. However, continuous cultivation of annual crops re-exposes the soil
once or several times a year.
An obvious solution to the problem of soil exposure during plantation
establishment is to use a managed cover crop. This is routinely done in rubber
and oil palm plantations in Oxisols and Ultisols of Malaysia, where the
leguminous covers are planted before or at the same time as the trees. The
cover crops receive careful management, including fertilization (Watson 1961;
Broughton 1977; Chee 1981). Some of the research on rubber (Pushparajah
1984; Type I experiment) shows a significant beneficial effect of the legumi-
nous cover on soil fertility during the first three years after tree establishment
(Fig. 3). The legumes are gradually shaded out when rubber develops its own
full plant canopy about five years after planting.
Broughton (1977) reviewed research on leguminous cover crops in rubber
in Malaysia, and concluded that, when using a mixture of creeping legumes,
the initial growth rates of the rubber were faster and the soil generally
contained more N, Ca, and Mn than under grass or natural weed cover.
Greater nutrient return to the soil was reflected in higher levels of these
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FIGURE 3. Changes in soil fertility in the topsoil (0-15cm) after planting  Hevea
rubber with and without legumes in the inter-rows at Sungei Buloh, Malaysia.
Time zero shows the value before clearing thc rainforest. Vertical bars indicate least
significant differences at P =0.05. The soil was a Typic Paleudult (Ultisol) and was
fertilized. This was a Type I experiment, in which changes were monitored with time
at one site (adapted from Pushparaiah 1984).
elements in the leaves of the rubber trees. Leguminous covers under rubber
fixed an average of 150 kg N ha-' yr - ' over a five-year period. This, fixed N,
coupled with improved soil physical properties, resulted in faster growth rates
of rubber trees and increased yield for a 20-year period after the legumes were
shaded out. Ninety-six per cent of the economic benefit of leguminous cover
was attributed to root proliferation of rubber and 4% to nitrogen fixation.
Broughton (1977) suggested research to determine the processes involved in
improving root proliferation•under a leguminous cover. This suggestion is
equally applicable to managed fallows.
Another option for promoting a faster soil cover, while trces develop, is to
grow food crops until the tree canopy shades them out. Figure 4 compares
the effects of this traditional laungya' practice with a leguminous cover(kudzu, Pueraria phaseoloides)and normal weeding in an oil palm plantation
located on a fertile Alfisol in Benin, Nigeria (adapted from Kowal & Tinker
1959; Tinker 1968; Type I experiment). lntercropping with annual crops, or
a kudzu cover, significantly increased topsoil acidity and-decreased exchange-
able Ca and K, but not organic C and N, compared With a normal grassy
cover, during the first five years after planting. These differences gradually
Years atter clearing and establishing oil palm
FIGURE 4. Changes in topsoil (0-15cm) nutrient dynamics after clearing a 20-year-
old secondary forest and establishing oil palm, with a normal grassy vegetation, or a
cover of  Puerana phaseoloides (kudzu), or food crops intercropped to exhaustion
(taungya), at Benin, Nigeria. The soil was a fertile Alfisol. This was a Type 1 experiment
in which changes were monitored at one site (adapted from Kowal & Tinker 1959;
Tinker 1968).
disappeared when the oil palms developed a full canopy. In spite of these
significant soil chemical changes, the long-term oil palm yields were not
affected (7.6 to 7.9 t hr ' yr- ' by age15).The high native fertility of this soil
apparently permitted the harvest of corn, yams, cassava, and other crops
without affecting tree production. But, would this happen in Ultisols and
Oxisols with low nutrient reserves? We were unable to find any solid data
from the literature, but would speculate that competition between annual
crops and trees for nutrients in Oxisols and Ultisols will decrease tree growth,
unless fertilizers are added.
C. Soil improvement or degradation?
Is the clearing and crop establishment phase soil improving or soil degrading?
Variation in the response of the soil to clearing and plant establishment is
related to initial soil properties, land clearing methods, the intensity of the
burn, rainfall distribution, and post-clearing soil management practices. The
type of crop planted, whether an annual crop, a pasture, or a tree crop, is
somewhat irrelevant at this stage. The most important factor is the rate at
which plants develop a ground cover. If conventional bulldozer clearing is
employed, there is little doubt that several soil properties, such as bulk
density, water infiltration, organic matter, and available nutrients, are likely
to deteriorate. With either slash-and-burn clearing or efficient mechanized
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land clearing methods that include burning, the answer is likely to be different.
The dynamics of a fertile Alfisol in Nigeria, and an acid Ultisol in the Ivory
Coast, both cleared and planted with oil palm, indicate no deterioration in
topsoil chemical properties during two years after clearing (Fig. 5). In fact,
all properties improved relative to pre-clearing levels. Management was excel-
lent in both cases, including proper land clearing, the planting of leguminous
cover crops, and fertilization in the Ultisol (011agnier et al.  1978).
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FIGURE 5. Comparison of topsoil dynamics following forest clearing under oil palm
plantations in an Alfisol at Benin, Nigeria; and an Ultisol at La Me, Ivory Coast. The
Alfisol was a Type I experiment (see Fig. 4); the Ultisol was a Type II experiment in
which plantations of different ages were comparedat differentsites (adapted from
Kowal & Tinker 1959; 011agnierer al. 1978).
'Ile effects of forest clearing and establishing short rotation Pinus caribaea
plantations in Jari, Brazil, are shown in Figure 6. Statistically significant
differences occur between soil properties under the natural forest and at
subsequent stages after clearing and plantation establishment. These differen-
ces include decreases in soil acidity and Al saturation, a tripling of exchange-
able Ca and a six-fold increase in exchangeable Mg in the topsoil. These
changes were still evident in the topsoils 18 months after planting the pines.
ExchangeableK tripled after burning, but decreased 18 months after planting.
No significant differences were detected in topsoil organic C and available P,
or in most subsoil parameters (Russell & Sanchez, unpublished data). Physical
properties did not deteriorate either, as shown by the bulk density data
presented in Table Ill.
Effects of forest clearing and establishing  Gmelina arbarea on a fertile
satessi
boa
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FIGURE 6. Changes in soil properties in a sandy Ultisol at Jari, Para, Brazil, at
different stages of clearing the natural rainforest and growing plantations of  Gmehna
arborea and  Pinus caribaea. This was a Type II experiment in which samples were
taken in July 1981 from stands at different sites (from Russell & Sanchez, unpublished
data).
Alfisol of Omo-Ajebandele, Nigeria, are shown in Figure 7 (Chijicke 1980).
The differences between the rainforest soils and the soils one and two years
after planting are similar to those in the Jail Ultisol, except for a definite
increase in available P and exchangeable K, and a decrease in organic C and
total N. Chijicke (1980) did not provide data on soil physical properties other
than particle size;therefore, we do not know whether changes in soil physical
properties occurred.
The studies examined from the humid tropical locations of Malaysia,
Nigeria, Ivory Coast, and Brazil do not support the trends in soil chemical
properties proposed by Lundgren (Fig. I). Soil organic matter did not
decrease; soil nutrient levels did not decrease and in some cases increased.
Part of the reason is probably the use of appropriate land clearing methods,
careful management, and fertilization in the case of rubber in Malaysia (Fig.
3) and oil palm in the Ivory Coast (Fig. 5). Soil deterioration, as suggested
by Lundgren, has been quantified in sandy Ultisols of Yurimaguas, Peru,
when cleared, burned and planted with annual crops without fertilization,
but not when the crops were adequately fertilized (Sanchezet al. 1983). The
magnitude of changes in soil physical properties is dependent on the soil type,
method of clearing, and soil cover. Lundgren's research in Andepts and high
elevation Ultisols in Tanzania did not include samplings of plantations less
than fouryears old. Consequently, he did not have an opportunity to examine
soil changes during plantation establishment.
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FIGURE 7.  Changes in soil properties (top 40cm) in an Alfisol at Omo-Ajebandele,
Nigeria, at different stages of clearing the natural forest and growing plantations of
Gmelina arborea.ECEC  =effective cation exchange capacity. This was a Type II
experiment in which stands were compared at different sites (adapted from Chijicke
1980),
IV. FALLOW ENRICHMENT PHASE
The second phase in Figure I starts when the trees form a closed canopy
and finishes when they approach maximum growth. In fast-growing tree
plantations, this period generally lasts for five to ten years. Lundgren (1978)
refers to this period as the fallow enrichment phase, because trees cease to act
like annual crops and begin to exert their influence on soil properties in a way
resembling the fallow phase of shifting cultivation. There are four. ways in
which trees can have beneficial effects on soil properties: (a) the tree canopy
and litter layer can protect the soil surface and thus dampen temperature and
moisture fluctuations; (b) tree roots can loosen the topsoils by radial growth,
and can improve subsoil porosity when deep roots decompose; (c) trees can
capture nutrients from various sources (atmospheric deposition, biological N2
fixation, weathering of soil minerals and organic matter mineralization) and
store them in the biomass; and (d) trees can recycle a proportion of the
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captured nutrients back to the soil, and pump nutrients from the subsoil that
otherwise may have been leached from the rooting zone.
Annual crops and pastures perform similar functions, but not to the same
degree or for as long a period of time. It is hypothesized, therefore, that the
favourable effects of trees on soils may be related to the long period during
which these effects are exerted. Two to three years after clearing, an area
planted with trees will still be increasing in biomass and total stored nutrients,
whereas a pasture or annual crop would have already attained maximum
biomass and nutrient accumulation - at a level below that of the tree crop.
Some possible effects of trees on soil physical properties at this stage include
elimination of runoff and erosion, increased infiltration rates and lowered bulk
dcnsity. The main effects on chemical propenies may include an increase in
topsoil organic matter content as a result of a high supply of litter, lower
maximum soil temperatures, and more uniform moisture supply - which
favour the activity of decomposing flora and fauna. Exchangeable bases also
increase as leaching virtually ceases, because of the uptake of nutrients
by fast-growing roots with their associated mycorrhizal fungi. In addition,
available nutrients in the subsoil, if there are any, may be pumped up and
added to the surface soil in litterfall.
Cover
A. Runoff and erosion
The elimination of soil losses from runoff and erosion is shown in Table IV
for an Ultisol with 7% slope at AdiopodoumC, Ivory Coast. The results of
Roose (1970) indicate little difference between the natural forest and oil palm,
coffee or cacao plantations with a fully developed canopy. High runoff and
erosion losses are reported for cassava. However, the cassava canopy provides
less soil cover than other annual crops such as upland rice, maize, grain
TABLE IV. Effects of ground cover on mean annual erosion, and surface runoff and
erosion, in Adiopodoumé, Ivory Coast, on an Ultisol with 7% slope (from Roost 1970,
quoted by 011agnier et al.  1978)
Soil erosion Runoff
(t hr ' yr 9 (% of rainfall)
Bare soil 125 33
C2ssava 32 22
Oil palm, coffee and cacao 0.3 2
plantations fully developed
Forest 0.1 I
legumes, and yams, so the numbers in Table IV must not be considered
representative of annual crops. Lal (1975) reported runoff and erosion losses
similar to those from secondary forests, when mulching or minimum tillage
was practised with continuous maize production.
The results for the bare soil in Table IV are essentially academic; it is
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difficult to maintain a soil devoid of some vegetation in the humid tropics.
Data on the physical deterioration of soils kept artificially bare by frequent
hand weeding (Cunningham 1963) arc of agronomic relevance only in situ-
ations where clearing by bulldozer leaves a highly infenile subsoil. This is
unfortunately the case in some Oxisols and Ultisols of transmigration areas in
Indonesia, where patches of Good land and Irwin's (1975) red desert have
been created. Gully erosion is rampant in these areas. Except for this single
case, the authors have yet to encounter bare soils in farmers' fields in the
humid tropics.
Significant runoff and erosion can occur in plantations of deciduous trees,
such as teak, if the litter layer is removed by annual burning. Lundgren (1978)
considered litter removal to be the main reason for the 'pure teak problem'
described by Laurie and Griffith (1942),. Griffith and Gupta (1948), and
Cornforth (1970). Apparently, the same situation is occurring in forested
Ultisol hillsides of southern China, where farmers remove tree litter to make
compost for agricultural crops grown in the valley bottoms (Buol 1983). Thus,
the extent to which trees conserve soil properties depends on the extent to
which a litter layer, or some other ground cover, is maintained.
Do trees improve the soil structure during the fallow enrichment phase?
Lundgren's model suggests that there is a decrease in bulk density and an
increase in organic matter content that would improve soil structure and water
infiltration. Soil structure, as measured by the size of soil aggregates, for four-
year-old plantations, that were cleared either manually or bulldozed, was
compared with the original forest, in an Oxisol of southern Bahia, Brazil, by
TABLE V. Effects, four years after plantation establishment, of two land clearing
methods, and different plantation crops, on the percentage of soil aggregates greater
than 1mm in an Oxisol at Barrolancha, Bahia, Brazil (recalculated from Silva 1983)
Treatment
Virgin forest
Slashed
and burned
Bulldozed
Least significant difference
P = 0.05)
Punana phastotoizles,a legume
B. Soil structure
Percentage of soil aggregates >I mm
at soil depth of
0-5 cm 5-15 cm 15-30 cm
1l'inus canbaea (aged 4)Oil palmi-kudzulRubber+ kudzu I
jtacao
tBrachiaria sp. pasture
61 56 80
76 73 83
42 57 71
51 57 87
33 39 65
34 37 40
9 3 9
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Silva (1983) (Table V). The results indicated that a youngPinus caribaeastand
significantly improved topsoil structure, compared with the virgin forest,
while oil palm and rubber stands, both with leguminous covers, did not.
However, all of these stands had a significantly better topsoil structure than
soil beneath cacao and pasture that had been planted following clearing using
bulldozers. Similar long-term detrimental effects of improper land clearing
by bulldozer have been recorded on Ultisols of Yurimaguas, Peru, planted
with annual crops (Alegre et al. 1985). Outside the humid tropics, Lundgren
(1978) detected decreases in bulk density, and increases in total porosity, in
topsoils of an Ultisol high in organic matter in a Type ll experiment. The
available evidence suggests a potential positive effect of the fallow enrichment
phase in improving topsoil structure. The effect, however, depends on the
type of tree and the management practices.
C. Soil organic matter
The dynamics of topsoil organic C and total N during the fallow enrichment
phase have been reported in several studies. No differences were reported
under oil palm (Fig. 4) in Alfisols of Nigeria. Slight but gradual declines were
detected in Ultisols under rubber in Malaysia (Fig. 3) and oil palm in the
Ivory Coast (Fig. 5) and under Gmelina arboreain Alfisols in Nigeria (Fig.
7). No clear trends were detected in the Ultisol with high organic matter from
the highlands of Tanzania referred to in the previous paragraph (Lundgren
1978). It seems reasonable to assume that the possible improvement in soil
structure during the fallow enrichment phase could be attributed to the
opening of pores by root pressure and root decomposition, rather than to
increases in soil organic matter.
D. Exchangeable bases
Studies show that exchangeable bases can either increase or decrease during
the fallow enrichment phase. Exchangeable Ca increased in topsoil layers
within two to five years after clearing(a) for oil palm on an Alfisol in Nigeria
(Tinker 1968) (Fig. 8), (b) for oil palm and rubber in an Oxisol in Brazil
(Silva 1983) (Fig. 9), and (c) for Gmelma arboreain an Alfisol in Nigeria (Fig.
7). Exchangeable Ca did not increase during this period in Ultisols of Malaysia
under rubber (Fig. 3), or under oil palm in the Ivory Coast (Fig. 5).
The increase in exchangeable Ca in the topsoil is believed to be the result
of the slow decomposition of tree trunks and stumps left from the original
forest, and is unrelated to the ash effect (Tinker 1968). The large magnitude
of these increases in topsoil Ca, and in some cases Mg, is believed to be a
consequence of having an established nutrient cycling mechanism capable of
returning to the topsoil considerable quantities of bases released by the slowly
decomposing tree trunks, roots, ånd stumps. A similar increase has been
detected in the topsoil of an Ultisol in Yurimaguas, Peru, with continuous
annual crop production, without fertilization (Sanchez 1979). This increase
344 P. A. Sanchez, C. A. Palm, C. B. Davey, L T. Szott 8 C. E. Russell
10
2
o 8
fl
1-to 6
.;
r 4
III II
0 1 2 3 4
Years after clearcutfing
FIGURE 8. Effects of five years of oil palm plantation establishment on the exchange-
able Ca and Mg status in the top 90cm of an Alfisol at Benin, Nigeria. This was a
Type I experiment in which a stand was monitored at one site (adapted from Tinker
1%8).
------- 
3 34 50
Months after Cleanng toreSt
and establishing plantationcrops
2-0
lc»
c 1-6
E 1.2
cn
0.8
fl
cn
c 04  fik _0_4,25.30
cO
0 I 1  1 I0 1 2 3 4 5
Years after clearcutting
Soo moot
tote
Ots
AA Jr >41 eo.sio
3040
Od palm  virth kudiu
• Novae natter with kudzu
Cacao
FIGURE 9. Effects of three perennial cropping systems on the topsoil exchangeable
base content of a 1-laplorthox Oxisol at Barrolandia, Bahia, Brazil. The vertical bar
indicates thc least significant difference at P = 0.05. This was a Type I experiment.
Cacao was established on land cleared by bulldozer, while oil palm and rubber were
established after slash-and-burn (adapted from Silva 1983).
took place between the second and third years after clearing, .but decreased
to pre-clearing levels afterwards. A possible explanation is that, without an
effective recycling mechanism, this advantage is lost, but when the tree roots
are capable of capturing and recycling the nutrients, the advantage of this
flush of Ca and Mg is realized. No increases in Ca were recorded in the
Malaysian Ultisol under rubber (Fig. 3). In this case, the flush of Ca and Mg,
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if any, may have taken place about three years after planting, and, by the
time rubber closed its canopy, exchangeable Ca, Mg, and K were all below
pre-clearing levels. No flush of Ca and Mg was detected in Ultisols of the
Ivory Coast under oil palm (Fig. 5). No clear reasons can be provided, except
for the possibility of missing the flush between sampling intervals in both the
Malaysian and Ivory Coast studies. Unfortunately, no data for the fallow
enrichment period were included in the Jari study in Figure 6.
The evidence, although inconclusive, suggests that a build-up of exchange-
able Ca, and sometimes Mg, in the topsoil can occur during the fallow
enrichment phase. This enrichment may result from the slow decomposition
of trunks and roots, coupled with efficient nutrient cycling by the trees. This
hypothesis is worth testing.
Unlike Ca and Mg, exchangeable K generally decreases or remains the
same as under the original forest during this phase, in soils both relatively
high or low in this element (Figs 3, 4, 6 and 7). •he K recycling mechanism
apparently does not increase available K in the topsoil or subsoil during the
fallow enrichment phase.
E. Other nutrients
Information regarding available P and micronutrients is very limited. No
changes in available P during the fallow enrichment phase were detected in
two studies where this parameter was measured, namely in the Nigerian
Alfisol under  Gmelina  (Fig. 7) and the Ultisols of northern Trinidad under
Pinus canbaca (Cornforth 1970). Very little information about micronutrients
was found in the literature.
F. Soil improvement or degradation?
The fallow enrichment phase seems to improve certain soil properties. Runoff
and erosion are eliminated, provided the litter layer is maintained. Soil
structure tends to improve, but the improvement does not appear to be related
to the amount of soil organic matter, because this amount remains stable or
slowly decreases. A flush of exchangeable Ca, accompanied sometimes by
exchangeable Mg, increases topsoil base status, and may be related to tree
stump and root decomposition of the previous forest and the trees' capacity
to capture such nutrients. Exchangeable K generally declines or remains
stable.
V. MAXIMUM PRODUCTION PHASE AND FIRST
ROTATION HARVEST
Lundgren (1978) proposed a decrease in organic matter content, and an
increase in bulk density, during the last phase of tree growth, because the
trees have approached a steady or declining state of activity. Fortunately,
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several data sets exist for this stage, which enable soil properties before
planting to be compared with those near the end of the first rotation, or at the
end of the economic life of perennial crops. Some data sets enable different
species to be compared at the same site.
A. Soil physical properties
Mat ure stands of Pinus caribaea(9.5 years old) andGmelina arborea(8.5 years
old) on a sandy Ultisol at Jari, Brazil, did not produce significant differences
in soil bulk density at three depths, as compared with the native forest (Table
III). Lundgren (1978) did record decreases in bulk density and increases in
porosity with Cupressus lusitanicaby the time of harvest, but he foUnd no
trend with Pinus patula —both in Ultisols of Shume, in the Tanzanian
highlands. Our interpretation of Lundgren's data is that soil physical proper-
ties improve as the harvest of the first rotation approaches.
B. Soil organic matter
No significant differences in soil organic carbon content to 100 cm depth were
detected between the native forests and 9.5-year-oldPinus caribaeain the Jari
Ultisol (Fig. 6). Total N values in the top metre showed little difference
between the matureGmelinaand the native forests, but both were higher than
in the maturePinus caribaeaplantation (Fig. 10). In the case of the Jari Ultisol,
it seems clear that the amount of soil organic matter did not change during
the first rotation.
The organic matter dynamics of a 13-year-oldGmelina arboreaplantation
in the Alfisol at Omo-Ajebendele, Nigeria (Fig. 7),, indicate a 25% and 30%
decrease in topsoil organic C and total N, respectively. Although Chijicke(1980) did not provide a statistical analysis, those decreases may have been
significant, but they were unlikely to be depleting because the remaining
levels were generally high.
Topsoil organic carbon content increases significantly, compared with that
under the native forest, after 10 years of growing laurel (Cordia trichotoma)
and pao-brasil(Caesalpinia echinara),but not after growing the highly valued
timber species jacaranda-da-Bahia(Dalbergia nigra)on an Oxisol of Brazil(Table VI; Silva 1983).
The dynamics of soil organic matter content toward the end of the productive
period of perennial crops show a somewhat different, decreasing, trend. After
16 years of rubber with a leguminous cover in a Malaysian Ultisol, topsoil C
and N decreased by 30% and 15%, respectively, in relation to the original
forest values (Fig. 3). After 14 years of a well-managed and fertilized oil palm
plantation in an Ultisol of the Ivory Coast, topsoil organic Ca and N values
were 41% and 28%, respectively, below those of the original forest (Fig. 5).
After 16 years of oil palm, in an Alfisol in Benin. Nigeria, topsoil organic C
and N did not decrease significantly (Fig. 5).
The decreases in soil organic C and N content in the Malaysia and Ivory
Years after clearing virgin rainforest and planting
Gmelina  or  Pinus
FIGURE 10. Differing effects of  Pinus canbaea and  Gmelina arborea plantings on
surface soil pH and nutrient content in the top 1m of a sandy Ultisol at Jari, Brazil.
This was a Type II experiment in which stands were compared at different sites. See
also Figure 6 (adapted from Russell 1983).
TABLE VI. Effects of ten years of growth of various timber species on topsoil
(0-30cm) properties of an Oxisol at Porto Seguro, Bahia, Brazil (adapted from Silva
1983)'
I These data span the range of values found for a number of plantation species.
Coast studies reflect their intensive management, including the use of legumi-
nous covers and fertilizers. These decreases may reflect the new equilibrium
attained between significant yield extraction and large fertilizer inputs. Such
decreases are somewhat similar to the 25% and 46% decreases in topsoil
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organic t and total N; respectively, measured under intensive continuous
crop production in an Ultisol of l'urimaguas, Peru (Sanchez  et al.  1983). The
fact that soil organic matter does not change, or in some cases increases, under
fast-growing tree plantations probably reflects the fact that nutrients are not
extracted from the ecosystem prior to timber harvest.
C. Soil acidity and nutrient availability
A major difference in soil acidity and base status was observed between mature
Gmehna arborea  and  Pinus canbaea  plantations in the Jari Ultisol (Fig. 10).
The topsoil under  Gmehna  had a pH of 5-2, while that under  Pinus  was about
the same as under native rainforest, pH 3.9. The rise in pH under  Gmehna  was
accompanied by an actual increase in exchangeable Ca reserves of 860 kg ha-
compared with 40 kg ha- ' in the forest and l00 kg ha- in the  Pinus  plot.
Gmelina  seemed to act as a calcium accumulator under acid soil conditions,
while  l'inus maintained  the rainforest level.  Gmelina  maintained exchangeable
Mg, exchangeable K, and total N at pre-clearing levels, while the soil under
Pmus  suffered considerable decreases.  Gmehna  also tripled the available soil
P content compared with the original forest or Pinus.
Similar positive effects on nutrient availability were recorded in 13-year-
old  Gmelma  plantations in a more fertile Altisol in Nigeria (Fig. 7). Topsoil
pH increased from 4.0 to 5.5, and smaller increases were recorded in the
subsoil. Aluminium saturation decreased from 58010 to 6% in the topsoil, and
from 76% to 38% in the 20-40cm layer. These changes reflected a doubling
or tripling of exchangeable Ca at different soil depths, as well as an increase
in topsoil exchangeable Mg (Fig. 7). Unlike the Jari case, Chijicke (1980)
detected no change in available P or exchangeable K in comparison with the
native forest.
Other fast-growing tree species have also produced increases in exchange-
able bases. Silva's (1983) results on an Oxisol in Brazil indicated a doubling
or tripling of topsoil exchangeable Ca, Mg, or K after 10 years under  Cordia
trichotoma  and  Caesalpinia echinata, relative  to the native forest, but the
precious wood species  Dalbergia nigra  did not produce significant increases
over the native forest.
In summary, the overall effect of mature fast-growing forest trees on nutrient
availability, evaluated over the first rotation, is either highly positive or
neutral. Major differences exist among species.
The effect of well-managed perennial plantation crops on acid Ultisols,
however, is different. Pushparajah's (1984) data for Malaysian rubber, and
011agnier  et al.'s (1978) results for oil palm in the Ivory Coast indicate a stable
topsoil oil, but a general decrease in exchangeable bases below pre-clearing
levels (Figs 3 and 5). In the more fertile Alfisol at Benin, Nigeria, the results
are totally different (Figs 4 and 5). Only K decreased to below pre-clearing
levels, triggering K deficiency in oil palmTopsoil pH, and exchangeable Ca
and Mg remained stable throughout 14 years of oil palm growth. The extrac-
tion of nutrients as latex or fruits in perennial crops provides, therefore, a
different picture from that given by timber species.
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VI. THE SECOND ROTATION
The only data set available for the second rotation is for an Ultisol at Jari
where an 8.5 to 10-year-old  Gmehna  plantation was harvested and then
burned; changes in soil properties were monitored under a subsequent Pinus
caribaea planting for three years (Fig. 6). The residual effect of the calcium
accumulator,  Gmelina,  plus burning, provided a vastly improved chemical
environment for the new pine crop (topsoil pH of 5.4, 6% Al saturation, five
times the topsoil Ca, nine times the Mg and twice the exchangeable K
compared with the original rainforest). However, these values rapidly
decreased during the early growth of pine, before it had the opportunity to
establish a complete cover. At three years of age, however, the chemical
environment of this second rotation was similar to that of the first (Fig. 6).
No significant differences in bulk density were recorded (Table Ill). It would
be most interesting to follow this second rotation and continue to compare it
with the first rotation.
VII. MECHANISMS INVOLVED
The soil dynamics through the different stages of tree growth suggest that
attention should be given to the several processes proposed in an earlier
section of this paper.
A. Protection from erosion
The limited data confirm that the tree canopy and litter layer protect the soil
against runoff and erosion. They also underscore the vulnerability of soils
under tree crops before canopy closure and, therefore, the desirability of
establishing a legume cover, or planting food crops to cover the soil, as quickly
as possible.
B. Improvement of physical properties
Reliable information is limited to a few data on bulk dcnsity, porosity, and
aggregate size. The results show either a positive or a neutral effect of trees
on soil physical properties after they have developed a closed canopy. No
deterioration of physical properties during the mature phase was detected,
based on the limited data; and the suggestion that tree roots loosen the soil
and incrcase the number of continuous air-filled pores in the subsoil appears
to tiesupported.
The main causes of deterioration of soil physical properties are improper
mechanical land clearing, and the absence of a soil cover at the early growth
stages. Work in southern Bahia indicates that these effects last for several
years.
It should be remembered that, with the exception of the bulldozer land
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clearing example from Bahia, all other data sets came from well-managed
trials. In these studies, none of the fast-growing plantations were fertilized,
but those perennial crops that needed additional nutrients certainly received
them. With poor management, one might expect a deterioration in soil
physical properties if the trees fail to develop a complete plant canopy.
C. Nutrient capture and recycling
In none of the fast-growing forest tree plantations examined was there a
significant decrease in either the soil organic matter content or the availability
of nutrients, relative to pre-clearing levels. In fact, in some studies the
availability of nutrients increased above the pre-clearing levels. Decreases in
organic matter and nutrient availability did take place with perennial plantation
crops, perhaps because of the extraction of nutrients in the harvested part. New
equilibrium levels were reached, and, when supplemented with fertilizers,
production remained stable.
A most exciting aspect of the results is the potential increase in topsoil
exchangeable Ca, Mg, or K within several years after clearing. Some trees
apparently are able to capture and recycle nutrients more efficiently than
others. The limited information indicates that major species differences occur,
particularly in the ability to recycle calcium.  Gmelma arborea appears to be a
calcium accumulator while  Pinus caribaea is not. At Jari, this difference was
related to the fact that  Gmelina  litter and detritus contained twice as much
calcium (0.62% Ca) as the litter and detritus of the virgin forest or mature
pine plantation (0.37% Ca). The Mg content of  Gmelina litter was similar to
that of the rainforest's (0.2% Mg) but the  Pima  litter was only one-third of
that value. Pinus  produced more litter than Gmelina so that the actual nutrient
inputs in kg hr ' were similar for the two species. Therefore, questions about
litter quality and quantity should be considered.
The available information is insufficient to explain the mechanisms of base
status improvement by certain tree species. The possibility of using particular
species as nutrient accumulators is an intriguing one.  Gmelina arborea is
probably a Ca and Mg accumulator. Tergas and Popenoe (1971) found that
10-month-old pure stands of  Hehcoma spp. and  Gynerium spp. accumulated
three to four times as much available phosphorus as mixed fallows of the same
age, in P-deficient Inceptisols of the Guatemalan humid tropics. Grass (allows
may be K accumulators (Laudelot 1961; Lal  et al.  1979). A dominant bamboo
species appears to be a K accumulator in secondary fallows on Ultisols of
Assam, India (Ramakrishnan & Toky 1981). Legume fallows can accumulate
N, as indicated by the effect of leguminous covers in Malaysia (Fig. 3) and
elsewhere. Whether or not these species indeed accumulate nutrients has to
be determined in adequately designed Type I field experiments located on
well-characterized soils.
D. Leaching
The fact that nutrient levels do not decrease implies that trees may prevent
leaching losses from the soil. The limited evidence available, mainly from
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Brazil, indicates that this is indeed the case after the crop establishment phase,
when the trees develop their canopy and begin to recycle nutrients. Russell
(1983), working at Jari, measured negligible losses of P and measurable losses
of K, Ca, and Mg at all sites, including the virgin rainforest (Table VII).
large leaching losses of bases occurred after the forest was cleared and burned,
and prior to the establishment of tree cover. These losses explain, in part,
the decreases in nutrient availability observed in some cases during the
establishment phase. Leaching losses during the mature growth stage, and
even 1.5 years into the second rotation, were actually lower than those under
the rainforest. Consequently, the nutrient cycling mechanism seems to work
effectively under Pinus caribaea.
Nutrient inputs from atmospheric deposition were also determined 'by
Russell (1983). The balance between atmospheric deposition and leaching is
presented in Table VII. This calculation shows a virtual absence of net nutrient
losses from the rainforest, the mature pine plantation, and even from the 18-
month-old second rotation.
The question of leaching in perennial plantation crops also deserves exami-
nation. Santana and Cabala-Rosand (1984) developed a balance between
nutrient inputs and outputs in a high-yielding, mature, 17-year-old cacao
plantation, with a leguminous tree shade, on a fertile Alfisol in 1tabuna, Bahia,
Brazil (Table VIII). The balance bctween inputs (atmospheric and litter) and
TABLE VIII. Nutrient inputs and outputs in a high-yielding 17-year-old cacao planta-
tion, shaded by  Erythrina fusca,  on a fertile Typic Tropadalf in Itabuna, Brazil (mean
of 2 years) (calculated from Santana & (2abala-Kosand 1984)
outputs (harvest and leaching) is positive for N, P, K, and Ca, and neutral
for Mg. The efficiency of this system is outstanding, considering it is operating
at very high yield levels. Whcn such plantations are fertilized, N leaching
losses decrease; Santana and Cabala-Rosand (1982) attribute this decrease to
a stimulating effect of NPK fertilization on the development of cacao rootlets,
which presumably absorb more nutrients and prevent them from leaching.
The perspective of such efficient use of nutrients under ideal conditions in
perennial crop production augurs well for the efficiency of well-managed,
well-fertilized forest tree plantations.
VIII. TOTAL NUTRIENT STOCKS
A synthesis of the changes in total nutrient stocks during the course of
plantation establishment and growth is presented in Figure 11; data were
drawn from Russell's (1983) work at Jari — the only study in which both
biomass and soil data were collected. 'Total nutrient stock' is defined as the
sum of all the nutrients in the plant biomass (above-ground, litter, detritus,
roots) plus total N, available P (by the Mehlich I method), and exchangeable
K, Ca, and Mg in the top metre of the soil. This estimate therefore ignores
the total P, Ca, Mg, and K contents of the soil, because it measures only the
readily available fractions.
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FIGURE I I. Total nutrient stocks in the plant biomass plus thc soil (including only
the  available  P,  Ca, Mg and K) in rainforest, newly planted  Pinus caribaea  (6  months
old),  P.  caribaca  and  Gmelina arborea  plantations at the end of the first rotation (9-5
and 8-5 years old, respectively), and second rotation  P.  caribaea  (1.5  years old).
H = harvest loss from trees taken when clearing the rainforest or from the plantations;
L = leaching loss. See legend to Figure 10 (calculated using data from Russell 1983).
Total plant biomass decreased to about 40-60% of that in the virgin
rainforest at the end of the first rotation of Gmelmaor Pinus caribaea.Most
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of the losses were quantitatively accounted for by the newly planted trees and
the dry matter extracted by harvest.
The plantations, of all ages, contained approximately 60% of the total N
stock of the rainforest. Most losses occurred shortly after rainforest clearing,
but thereafter the plantations maintained the levels of N. As none of the trees
were legumes and no legume cover crops were used, no N build-up occurred.
The ecosystem, therefore, lost 40% of its total N. and then reached a new
equilibrium level.
A remarkable conservation of P is shown in Figure 11 , with nutrient stocks
ranging from 76% to 116% of the rainforest values. The decrease in P at the
start of the second rotation is largely accounted for by the P removed in the
first rotation harvest. The P content in the first harvest is not included, because
Russell (1983) described difficulties in methodology. Figure II ignores most
of the total P in the soil, which is not extracted by the Mehlich procedure.
Calculations from total elemental analysis of soils of the Amazon by Marbut
and Manifold (1926) indicate an average total P content in the top metre in
the order of 60 times the total P stock indicated in Figure 11.
Significant losses of K occur when rainforests are replaced by tree planta-
tions. Potassium stocks decreased to about 32% of that in the forest after land
clearing. Most of the losses were accounted for by removal at harvest and the
rapid leaching losses recorded during this period. Afterwards, there were
slight increases, to about40% of the rainforest value. The overall stocks and
losses of exchangeable K in Figure 11 (1.06 t ha-1), however, are small
considering that the total K content of these soils is estimated to be 73t ha-1
of K (Marbut & Manifold 1926). It is not surprising that research on perennial
crops like rubber and oil palm on Ultisols shows rapid depletion of K. and
there is a need to fertilize the trees with this element (Figs 3 and 5).
Calcium nutrient stock decreased to about 56% of the rainforest value upon
planting the first  Pinus  rotation. •he losses were, again, accounted for by the
amount removed in the forest harvest and the small amounts leached. This
reduced Ca level remained relatively stable with  Pinus,  but increased to above
pre-clearing levels with  Gmelina (Fig. 11). The second rotation started at a
lower level, but much of the loss was related to the amount removed in the
Gmelina harvest. Losses were small compared to the total Ca in the top metre,
about I 3.6 t ha-1 of Ca.
The magnesium nutrient stocks decreased with age in the  Pinus plantations,
but mature  Gmelina  plantations maintained a steady level of about 75% of
that in the rainforest. The 25% loss appeared to be related to the harvest of
the rainforest. Again, the overall losses were small relative to the total Mg
content of these soils - about 14.4 t ha- i of Mg to 100cm depth (Marbut &
Manifold 1926).
CONCLUSIONS
The evidence presented, drawn only from Type I and 11 experiments that
meet soil uniformity criteria, provides general support for the Lundgren
model, except for the decline in organic matter, available nutrients and soil
structure during the maximum production phase. Little deterioration of soil
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properties, relative to the virgin forest , was measured during the establishment
phase, particularly when leguminous cover or fertilization was used, and the
land was cleared by either slash-and-burn or mechanized land clearing
methods that caused little damage tc soil properties. Lundgren's model seems
more applicable when conventional bulldozer clearing is practised, or when
the trees are planted without a legume cover or intercropping.
Some of the beneficial effects of trees on soils after the trees close canopy
were unexpected, particularly the maintenance of chemical properties, and
the dramatic Ca accumulation properties of  Gmelina rborea. Many of the
advantages of trees, as compared to annual crops, are related to the longer
time they protect the soil surface, their larger biomass and nutrient stocks,
and their ability to recycle nutrients.
The main deleterious effects of tree crops on soil properties occur during
their establishment phase, because forest clearing methods often cause great
soil disturbance, and also because the soil is exposed more, and for a longer
period of time, than soil under annual crops or pastures.
Despite  the  potential improvements in soil chemical properties during the
fallow phase of tree crops, the extraction of nutrients by harvesting, and the
leaching losses incurred prior to canopy closure lead to a depletion of key
nutrients, primarily potassium, that must be replaced by fertilization if yields
are to be sustained. This is the experience in the cultivation of perennial
plantation crops, where fertilization is routine and profitable, even in fertile
Alfisols. Coulter  (1972) stated that research in Malaysia has shown that the
fertility stored in forest soils in areas of highly weathered and leached soils is
extremely important for the first planting cycle of rubber and oil palm.
The need for additional fertilizers in subsequent cycles has been amply
demonstrated. The same is likely to apply to fast-growing forest tree crops.
No successful stable crop production system can be based on 'mining' the soil
without returning a proportionate amount of what was removed by harvesting.
The closed nutrient cycle in tropical forests remains as long as the trees are
not harvested.
Many of the observations reported here are speculative, based on compari-
sons of data from different sites, collected using different methodologies. In
order to be definitive about the findings, rigorous comparisons are needed on
well-characterized soils. Type I experiments, in which various tree crop
systems can be compared with annual crops, pastures, or. fallows, are needed
to support these observations. Only then can it be demonstrated to what
degree trees improve or maintain soil properties in the humid tropics.
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I. INTRODUCTION
The principal symbiotic associations with tree crops are the ectomycorrhizal
and vesicular-arbuscular (VA) mycorrhizal associations, and the nodule-
forming associations with  Frankia  and  Rhizobium.
Interest in the uses of mycorrhizal inoculation began with the introduction
of exotic tree species. Many papers document the necessity of making parallel
introductions of mycorrhizal fungi (Marx 1980; Mikola 1980) and attention
has been brought to the requirements for introducing mycorrhizas when
revegetating derelict and disturbed sites (Marx 1975; Marx 1977a). In this
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paper, we outline the potential for matching symbiont species/strains to host
tree species/provenances, particularly in relation to forestry.
Although Wilde (1944) was of the opinion `that 99% of all practisingforesters
will not have to lose any sleep over the problem of mycorrhizal inoculation',
research into the role of mycorrhizas and the nodule symbioses in the growth
of tree crops has gathered impetus. Following the general appreciation that
the formation of any symbiosis is better than none, it is now understood that
the effectiveness of symbioses can depend upon the host and symbiont
genotype, the climate and soil. There appears to be much potential for
exploiting this variation, which at present is put to only limited use.
Forestry generally uses poor land unsuited for other crops and it is in those
circumstances that trees are most dependent on their symbionts. Trees grown
for other purposes tend to be planted on better sites, are more intensively
managed, and receive larger applications of fertilizers.
Excessive use of fertilizers and pesticides produces its own economic and
pollution problems (Alexander 1973). Nitrogen fertilizer production is costly
in terms of fossil energy, and much phosphate fertilizer that is applied may
be bound in unavailable forms in the soil (Dommergues 1978). The use of
symbionts provides a biologicalmeans of improving plant nutrition — my-
corrhizas by increasing the rate of nutrient absorption from the soil, with
selective absorption of some ions, and nodules by fixation of atmospheric
nitrogen. Their use may reduce or eliminate the need for fertilizers and also
produce benefits such as increased survival, for which fertilizer application is
no substitute.
Mycorrhizas, particularly ectomycorrhizas, can improve plant performance
in a number of other ways, including improving tolerance to drought, heavy
metals, soil toxins and extremes of pH and temperature. They can also provide
protection against fine-root pathogens (Meyer 1974; Marx & Krupa 1978;
Harley & Smith 1983).
II. HOST AND MICROSYMBIONT DISTRIBUTION
Nearly all higher plants are mycorrhizal. According to Wilhelm (1966), plants
'do not, strictly speaking, have roots, they have mycorrhizae'. Worldwide,
Species forming VA mycorrhizas are far more abundant than those forming
ectomycorrhizas. According to Meyer (1973), the latter comprise only 3% of
phanerogams. Although ectomycorrhizal associations are much less frequent,
the host plants are generally long-lived woody perennials, and many of them
are important forest trees. Harley and Smith (1983) listed 133 woody genera
containing at least one ectomycorrhizal species, distributed among 30 families.
Many of those species are forest dominants of the north and south temperate
and subarctic regions. An increasing numbcr of ectomycorrhizal species are
now being identified in the tropical and subtropical regions. Their distribution
in these regions is mainly in areas where vegetative activity is seasonally
restricted by rainfall, or at high altitudes (Singer & Morello 1960). However,
this is not always so; some of them, including the economically important
Dipterocarpaceae, are more widespread (de Alwis & Abeynayake 1980).
VA mycorrhizas occur on all coniferous families except the Pinaceae, and
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on most other gymnosperms. They predominate on tropical hardwoods and
occur on some temperate hardwoods including  Fraxinus,  Liquidambar, Pla-
tanus and  Liriodendron. Other tree crops with VA mycorrhizas include apple,
cacao, coffee, citrus, cherry, rubber and oil palm.
Nodule-forming associations occur with fewer hosts, and are found together
on root systems with mycorrhizas. Until quite recently, Rhizobium was thought
to be exclusively associated with legumes, but it has now been found in
association with a non-leguminous tree belonging to the genus Trawl  (Trinick
1973) (now reclassified as Parasponia) that  is widely distributed in the tropics
(Akkermans 1978). Frankia  forms associations mainly with trees of temperate
regions (including  Alnus)  and with tropical genera at high altitudes, but also
with the more widespread tropical genus  Casuarina which is prevalent in
coastal areas.
Research effort into these various symbioses with trees has been rather
patchy. It has focused on ecto- rather than VA mycorrhizas, and the nodule
symbioses have been comparatively neglected. This imbalance may be partly
due to the difficulties of culturing VA fungi and, until recently,  Frankia, in
vitro.
III. BALANCE OF THE SYMBIOSIS
In the symbiotic relationship, the host plant supplies the microsymbiont with
all its carbohydrates, while the mycorrhizas supply the host with phosphate,
other soil-derived nutrients, and water, and the nodule symbionts provide
nitrogen.
The symbioses impose a significant drain on the host photosynthate, particu-
larly ectomycorrhizas, which produce large fruiting bodies and have consider-
able quantities of fungal matter in the mantle. In a spruce forest, fruit body
production alone could use carbohydrate, equivalent to 10% of potential
timber production (Rome II 1939), or 160 kg ha- yr- ' of carbohydrate in a
Pseudotsuga menziesii forest (Fogel & Hunt 1979) and 450 kg ha-' yr-' in an
Abies amabilis  forest (Vogt  et al.  1982) (Harley & Smith 1983). Despite the
imposition of this large energy drain, in situations where the nutrient supply
is limited or other stresses are imposed, the symbiotic associations are essential
for survival.
When selecting 'effective' symbionts, we must seek ones that (a) improve
the host's carbon balance and enhance the production of marketable parts,
and (b) are able to compete with naturally occurring types — bearing in mind
that mycorrhizal symbionts are so widespread in nature.
IV. SELECTION OF ECTOMYCORRHIZAL FUNGI
The genotype of the host and fungus, and both edaphic and climatic factors,
should be considered when exploiting mycorrhizal symbioses (Bowen 1965;
Mikola 1973; Marx I977a; Molina 1977; Trappe 1977). Moreover, it is now
becoming clear that there is the factor of the 'mycorrhizal succession' to be
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considered, in that, when young trees are grown apart from more mature
trees (as occurs in nurseries), only certain of the fungi that are capable of
forming mycorrhizas with trees of that species may be able to form mycorrhizas
with the juvenile plants (Fleming 1983; Last  et al.  1983; Mason et al.  1983).
Some ectomycorrhizal fungi are rather host-specific, whereas others have a
broad host range.  Su:I/us grevillit,  for instance, occurs only on a few species
including  Lanz,  while  Pliohthus tinctorius forms ectomycorrhizas with over
73 species of trees (Marx 1977b). Conversely, some tree species, such as
Alnus,  have only a few ectomycorrhizal associates (Molina & Trappe 1982)
while others have many. Although a fungal species may have a broad host
range, this does not mean that all isolates arc equally effective in forming
mycorrhizas with all hosts or in producing beneficial effects.
Lamb and Richards (1970, 1971), working with  Ptnus radiaia  and  Pinus
elliouit  var.  elliottii,  tested a range of inocula isolated from the roots of these
two species. They found that, although some isolates would form mycorrhizas
with both hosts, the largest growth increments of the hosts occurred with
fungi that had originally been isolated from the same host species. Similarly,
Reddy and Khan (1972) found that, although  Pinus roxburghti would form
mycorrhizas with soil inoculum taken from beneath that species or. beneath
Eucalotus  or when interplanted with  Pinus patula,  the only significant growth
increase occurred with inoculum taken from  P. roxburghti.
Maronek and Hendrix (1980) found that an isolate of  Pisolithus tinctonus
taken from beneath  Pinus taeda  formed mycorrhizas with most inoculated
plants of  Ptcea abies and  Tsuga canadensis, but with only half the plants of
Pinus nigra.  However, the symbiosis increased height growth only in  Picea
abies,  although the degree of infection was similar among all successfully
inoculated plants. Molina and Chamard (1983), testing an isolate of  Lacuna
laccata with  Pseudotsuga menziesit  and  Pinus ponderosa at various fertilizer
levels, found little effect on plant size although mycorrhizal formation was
excellent.
The importance of isolate selection was further demonstrated by the work
of Theodorou and Bowen (1970). In glasshouse studies, they inoculated Pinus
radiata  with four different isolates of  Rhizopogon luteolus and with  Suillus
granulatus and  S. luteus. All inoculation treatments enhanced growth and, as
a group, the  Rhizopogon isolates were superior to the Suillus species. Consider-
able differences existed among the  Rhizopogon isolates, the best promoting
nearly double the height increment of the worst. Differences between treat-
ments could also be obtained in the field (Bowen  et al.  1971). Height incre-
ments between treatments diverged up to 32 months and then began to
converge, apparently as inoculum spread from plot to plot. These data are
important, in that they are one of the earliest pieces of evidence for the
beneficial effects of mycorrhizal inoculation against an existing mycorrhizal
background. However, a similar, repeat experiment failed to show any benefit
of inoculation, apparently because there was a large background population
of effective mycorrhizal fungi.
Interactions between host genotypes and inoculation treatments were
demonstrated by Berry (1982) who tested the growth of  Pinus rigida and Pinus
taeda families, and hybrids between these species, on surface-mined coal spoil
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in Tennessee. Among plants with naturally occurring mycorrhizas (mostly
Thelephora terrestris), no single family produced a significantly greater stem
volume than any other, whereas inoculation with  Pisolithus unctorius stimu-
lated the growth of all families, with some responding significantly more than
others to the inoculation treatment.
No account of mycorrhizal exploitation would be complete without refer-
ence to the extensive work by Marx and others on  P. tinctorius. As indicated,
this fungus can greatly enhance the growth of host plants. It occurs extensively
on mining wastes (Schramm 1966) and appears to be ecologically adapted to
poor conditions (Marx 1976) where few other ectomycorrhizal fungi can
survive (Marx & Krupa 1978). The exceptional ability of  P. tinctorius to form
mycorrhizas at high temperatures may explain its importance on mine wastes
(Marx  et al.  1970). Pinus taeda seedlings inoculated with  P. tinctorius have
survived and grown as well at soil temperatures of 40°C as at 25°C (Marx &
Bryan 1971).
Although  P. tinctorius is undoubtedly very beneficial to trees under certain
circumstances, it is not a panacea for reafforestation problems. Marx  et al.
(1977a) found that five southern pine species responded differently to it at
different outplanting sites. In poor soils,  P. tinctorius  had a competitive
advantage over other fungi, whereas at better sites it was out-competed by
other fungi. Riffle and Tinus (1982) outplanted pre-inoculated l'inus ponderosa
and  Pinus sylvestns on a grassland site. After five years, the only treatment
which produced a significant increase in biomass was inoculation with pine
duff from a 38-year-old P. ponderosa stand. None of the other inoculation
treatments, including  P. tinctorius, enhanced growth. Grossnickle and Reid
(1982, 1983) found that neither  P. tinctorius nor  Cenococcum geophilum was
suited to conditions at a high elevation mine site with a harsh climate and
short growing season.
Relatively little is known about other symbionts and their preferences for
particular types of site.  Cenococcum geophilum appears to be more tolerant of
drought than other species, although it may not be very beneficial to growth
(Mikola 1948; Mexal & Reid 1973; Maronek  et al.  1981). In culture, it is
tolerant of sodium chloride concentrations in excess of those found in most
salty soils of dry regions, and so it may prove a suitable symbiont for trees in
these regions (Saleh-Rastin 1976). Although  C. geophilum may not enhance
growth, Pigott (1982) has found that, in association with Titùi  cordaw,  the
fungus could withstand desiccation, and it enabled T. cordata to maintain an
intact absorptive system through periods of drought which could take up
water and ions when conditions became favourable.
There is considerable variation in temperature tolerance between strains of
ectomycorrhizal fungi (Trappe 1977). Paxillus involutus and Suillus variegatus
are able to grow at low temperatures, which could be an advantage in some
nurseries, allowing mycorrhizal formation in early spring, soon after seed
germination (Slankis 1974). An ability to adapt to a changed temperature
regime at outplanting is also important.
Measurements of the pH optima for the growth of ectomycorrhizal fungi
in  wtro  have shown that best growth is obtained in acid conditions (Hung &
Trappe 1983). Differences in the optimum pH are as great within as between
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species, and some isolates have narrow optimal p1-1 bands while others have
broad bands. An isolate with a broad optimal band would presumably have
wider applications in forestry.
The most successful fungus will be one which is competitive and able to
adapt to soil and climatic conditions. •his is an important consideration in
tree inoculation, because a fungus which is well suited to conditions in the
nursery may not be well adapaxi to conditions at the planting site. Molina
(1977) has commented that  Thelephora terrestris, Laccaria laccata  and  1 nocybe
lacera, that  are common  in Pseudotsuga menziesii  nurseries in the Pacific
Northwest, are aggressive and well suited to the highly fertile, irrigated
nursery conditions, but they may not be well suited to many planting sites.
Bledsoe  et al. (1982)  inoculated  P. menziesii with Hebeloma cmstuliniforme and
L. laccata  (both common species in seedling nurseries); neither was able to
compete with a native fungus on outplanting. Both isolates originated from
west of the Cascade mountains and may not have been suited to planting
conditions east of the Cascades.
Microsymbionts may  be  selected to protect host plants from pathogens, and
some mechanisms have been postulated (Zak 1964). Marx (1969a) grew five
mycorrhizal fungi in agar plate culture with a number of root pathogenic fungi
and soil bacteria; he found that the mycorrhizal fungi produced antibiotics
and that 44% of the root pathogens were inhibited.  Leucopaxillus cerealis var.
picema  was particularly effective against  Pythium  sp.,  Phytophthora  sp. and
Rhizoctonia  sp. The antibiotic produced by  L. cerealis  was identified as
diatretyne nitrile (Marx I969b)  Laccaria laccata  stimulates  P. menziesii  seed-
lings to produce phenols, which may protect them from  Fusarium oxysporum
(Sylvia & Sinclair 1983). In pot culture, Hyppel (1968) found that  Boletus
bovinus  could protect  Ptcea abies  seedlings against  Fomes annosus,  even when
no mycorrhizas were formed. The mantle and Hartig net of mycorrhizas may
present a physical barrier to infection; thus, Marx (1970) found that the roots
of  Pinus echinata  seedlings did not become infected by  Phytophthora cmnamomi
in those pans that had formed mycorrhizas with  Thelephora terrestris  or
Pisolithus tinctorius.
Recently,-Brown (1983) demonstrated that ectomycorrhizal infection can
ameliorate zinc toxicity in  Betula,  but little research has been done on the role
of ectomycorrhizas in heavy metal tolerance, despite the interest in selecting
plants which could be used to reclaim mine waste.
V. SELECTION OF VA MYCORRHIZAL FUNGI
Despite their great importance, comparatively few investigations have been
made of the relationships between VA mycorrhizas and tree growth. VA
fungal species are much less host-specific than ectomycorrhizal fungi.  Glomus
microcatpus,  for instance, can form mycorrhizas with both angiosperms —
monocots  (Phleum pratense) and dicots  (Rubus spectabilis) — and gymnosperms
(eg Taxus  brevifolius) (Gerdemann & Trappe 1974). Many VA fungal species
have a worldwide distribution (Mosse 1973). This wide distribution might
suggest that there is less need to inoculate plants with VA fungi than with
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ectomycorrhizal fungi, but circumstances can still occur where VA fungi are
absent. For instance, if they are eliminated from a soil by fumigation, it can
take a long time before they are reintroduced naturally, because, unlike the
majority of ectomycorrhizal fungi, VA fungi produce their spores below
ground so they cannot be dispersed by wind. The fact that certain types of
VA fungi predominate in (and perhaps are adapted to) particular regions
(Mosse 1973) and soils (Hayman 1975) may indicate that it would be advanta-
geous to introduce particular types when planting new areas. Species of VA
fungi are known to differ in tolerance to pH (Green et al.  1976), salt (Hirrel &
Gerdemann 1980) and temperature (Schenck & Schroder 1974).
As with ectomycorrhins, not all VA mycorrhizas are equally effective with
all hosts. Marx  et al.  (1971) found that  Endogonemosseae significantly increased
the growth of rough lemon, but not sour orange. Infection occurred with both
hosts, but the degree of infection was greater (83%) with lemon than with
orange (52%). Some citrus cultivars need to form mycorrhizas more than
others in order to grow satisfactorily, depending on the fertilizer regime
(Menge  et al.  1978). Schultz et al.  (1981) experimented with eight hardwood
species (Acer negundo, A. sacchanan, Frarinus pennsylvanica, luglans nigra,
Liquidambar styraciflua, Platartus acidentalls  and  Pnmus seronna) using a
mixed inoculum of  Glomus mosseae and  G. etunicatus. Inoculation increased
the height growth of all species except  A. saccharum and  1. nigra.  Species
differences in the degree of infection did not correspond with species differen-
ces in growth, although the degree of infection has been found to be important
in other instances, such as on  Khaya grandifoliola in Nigeria (Redhead 1975).
Host species can respond differently to different inoculum species. Bryan
and Kormanik (1977) inoculated Liquidambarstyranflua seedlings with  Glomus
mosseae or naturally occurring inocula from  Liquidambar  soil.  G. mosseae
increased height growth six-fold (compared with an uninoculated control),
but the natural inoculum increased height growth eight-fold and was superior
to  G. mosseae in increasing root growth. This experiment was done at high
fertilizer levels, comparable to those used in hardwood nurseries, and demon-
strated that seedlings have an obligate physiological requirement for VA fungi.
Kormanik  et al. (1982) inoculated the eight hardwood species tested by Schultz
et al.  (1981), with either  Glomus fasciculatus (GF), a mix of  G. mosseae and  G.
etunicatus (GM), or a mixture of several Glornus and Gigaspora species (GG).
All tree species were infected, but this did not increase the height growth of
juglam  nigra in any of the inoculation treatments, and  Acer saccharum did not
respond to GM, which was generally the least effective treatment. The authors
commented that the  period  during which a root system is infected with VA
fungi is probably more important than the percentage infection at a particular
time. Early infection, promoting early growth, is probably very important
(Kormanik  et at  1981, 1982). Other instances of host species differing in their
response to different types of VA fungal inoculum have been reported by
Kabre  et al.  (1982) using  Ater pseudoplatanus and Furlan  et al.  (1983) using
Fraxinus  americana.
Work by Kormanik  et al.  (1977) suggested that there can be ecotypic
variation within host species in their response to the same VA fungal inoculum,
in that families of  Liquidambar styraciflua from poor upland sites responded
more to inoculation with  G. mosseae than familes from fertile lowland sites.
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Most work with trees has been done using sterilized soils, so that the effects
of inoculation have been judged by comparison with controls that lacked a
natural endomycorrhizal flora. However, Plenchetteet al. (1981) recently
demonstrated that the growth of apple seedlings growing in an unsterilized
phosphate-deficient soil could be enhanced by inoculating the soil with a VA
mycorrhizal fungus, and this effect could not be mimicked by applying P
fertilizer.
As with ectomycorrhizal fungi, competition between VA fungi may be
important when attempting to establish or maintain particular symbioses
(Wilson & Trinick 1983; Daft 1983). Evidence for interactions between
VA fungi and other soil organisms is somewhat equivocal (Hayman 1978).
However, the indications of increased tolerance to root pathogens and resist-
ance to nematodes suggest that this field might be worth exploring.
Evidence for zinc and cadmium tolerance in a strain of G. mosseaewith
clover (Gildon & Tinker 1983) suggests that VA fungal strains differ in heavy
metal tolerance - so trees might be 'tailored' with suitable mycorrhizas for
particular mine sites.
At present, there is a conspicuous lack of evidence on which to base the
rational selection of VA fungi. With the possible exception of the citrus
industry, there is little information on which inoculant types might enhance
tree growth in different site conditions. More work is needed on the benefits
of inoculation against an existing mycorrhizal background, and on the extent
to which effects persist after outplanting.
VI. SELECTION OF  FRANKIA  AND  RHIZOBIUM
A.  Frankia
Frankia strains are markedly host-specific and, indeed, this is used as the
basis for the subdivision of the genus (Akkermans 1978). Particular strains
may infect species other than their 'own' even in different genera, but the
nodules formed are not always effective in fixing 1s12.
Poor nodulation may result (a) when exotic species are introduced - for
instance,Ceanothus, Coriariaand Casuarina do not normally form nodules
with Frankia in the UK (Bond 1974), or (b) when there is little inoculum in
the soil - as may be the case on sites which have not previously supported
the host. However, good nodulation of Alnus glutinosahas been recorded on
a site which had not supported alders for ten years (Akkermans & Houwers
1979).
Unlike mycorrhizas,Frankianodules are long-lived; onAlnusthey can live
for seven to eight years (Akkermans 1978). Their nitrogenase activity per unit
dry weight decreases with increase in nodule size. Unlike ecto- and VA
mycorrhizal fungi, Frankiacannot grow along the root surface to keep pace
with an extending root system; each nodule is induced by a separate point
inoculation (Quispel 1954), so that few nodules may be produced if there are
low levels of inoculum in the soil.
The importance of good nodule formation prior to outplanting on sites with
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poor endophyte populations was indicated by Akkermans and Houwers
(1979). They grew seedlings of  Abius cordata, A. incana and  A. glutinosa in  a
nursery which had low levels of inoculum, and planted them on a clay polder
site which had few nodule-forming  Frankia.  Two years later, many plants
were poorly nodulated or lacked nodules, and these plants were significantly
shorter than those which were well nodulated.
Evidence for host-genotype x Frankia-strain interactions is accumulating
for some species. Dawson and Gordon (1979), working with ten clonal lines
of  A. glutinosa growing in nutrient solutions, found significant differences in
dry weight and N content among clones when they were not nodulated, but
no significant differences among them when they were nodulated. Also, a
strong correlation existed between nodule dry weight and growth. Hall  et al.
(1979) tested seedlot x inoculum effects. Three seedlots of  A. glutinosa and
one of  A. rubra  were inoculated with each of four inocula (three from  A.
glunnosa and one from A.  rubra).  Three weeks after inoculation each seedlot,
including  A. rubra,  had formed most nodules with the same A. glutinosa
inoculum, although when growth was measured 13 weeks later a different  A.
glutinosa inoculum gave the best results. Dawson and Sun (1981) used Frankia
isolates from  Comptonia peregrina and  A. crispa  to inoculate clones of  A.
glutinosa, A. cordata and  A. incana.  Most of the uninoculated plants died.
Among the inoculated plants, nodule numbers and dry weights differed
significantly with host clone  (A. gluunosa clones formed most nodules) and
there were no significant clone x isolate interactions (in nodule numbers and
weights). However, plants inoculated with the  Comptonia isolate grew more
rapidly than the others and measurements of acetylene reduction suggested
that the  Comptonia isolate was more efficient in N2 fixation. Further evidence
for strain differences in  Frankia  was furnished by Hafeez et al.  (1984), who
showed that isolates of the endophyte of A.  nitida  differed 20-fold in their N2
fixing ability.
B.  Rhizobium
The potential for selecting  Rhizobium  strains for tree crops has been little
studied, despite their importance on poor tropical sites where woody legumes
can provide timber and dry season fodder (DObereiner & Campelo 1977).
Like  Frankia, Rhizobium  shows a considerable amout of host-endophyte
strain specificity. Effective nodules are formed only when the appropriate
Rhizobium species invades a particular host species or a taxonomically related
species. With other hosts, no nodules are formed or else the symbioses are
ineffective (Akkermans 1978).
Considerable intraspecific variation exists; the yield of different cultivars of
white clover depends upon the strain of  Rhizobium trijohi  used (Mytton &
Livesey 1983). Investigations with tropical trees suggest that specificity is not
confined to agricultural crops. Thirteen species of  Acacia could be categorized
according to their ability to midulate with fast- or slow-growing strains of
Rhizobium;  only four species formed effective nodules with fast-growing
strains, six with slow-growing strains, while three could nodulate with both
(Dommergues 1981). Under nursery conditions, differences were found in
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the ability of strains to promote growth; fast-growing strains were the most
effective, and produced the greatest quantities of nodules. Although fast-
growing strains appear to be the most desirable, work with agricultural crops
has indicated that slow-growing strains are more resistant to severe desiccation
- a potentially important trait (van Rensburg & Strijdom 1980). Early inocula-
tion is advantageous; good nodulation in the nursery seedbed increased the
survival of  Mimosa caesalpiruaefoha after transplanting from 54% to 94%, and
increased growth rates by 60% (Dobereiner & Campelo 1977). Agricultural
rhizobia differ in their ability to tolerate temperature extremes (Pate 1961;
Lie 1971) and some are effective over wider temperature ranges than others
(Rough ley & Dart 1969). Also, pH tolerance differs between and within
Rhizobium species (Graham  et al.  1982).
As with  Frankia, evidenceexists for host-genotype xRhizobium endophyte-
strain interactions. It appears that considerable benefits in growth may accrue
from using appropriate host-endophyte combinations, provided the endophyte
is selected for the right temperature, drought and pH conditions. Unlike
selections for agricultural crops, rhizobia selections for trees must succeed at
two locations - the nursery and the planting site. As with mycorrhizas,
inoculation may only occasionally be essential, but it may frequently be
beneficial, provided that selected strains can compete with naturally ocurring
inocula (Parker  et al. 1977).
VII. INITIATING AND SUSTAINING THE SYMBIOSES
A. Features of successful microsymbionts
The tree is a long-lived woody perennial, often with seasonal growth. To be
worthwhile, the microsymbiont must remain with the tree for some time.
Seedlings are generally produced in nursery conditions which favour the
growth of the host, but may not necessarily favour the growth of the micro-
symbiont. The seedlings are then transferred to an outplanting site, where
conditions are less favourable for growth, and where opportunities for cultiva-
tion are restricted. As they mature, the trees undergo a number of physiological
changes, and bring about changes in their own environment - canopy develop-
ment casts shade, alters soil temperatures and intercepts rain, water and
nutrients are removed from the soil, leaf litter is deposited, old roots die and
decompose and new ones are formed, and the root system extends to explore
new ground.
Clearly, the successful microsymbiont must be adaptable if it is to remain
with the host after transplanting and as it matures (or at least for a time), and
it must survive during the host's dormancy periods when environmental
conditions may be at their most stressful. Also, the microsymbiont must
spread to colonize the enlarging root system and must be able to compete
with naturally occurring populations of endophytes. Furthermore, for com-
mercial use, the microsymbiont should be cheap to produce, and easily
handled, transported and stored. Initiation of the symbiosis should not be a
complex procedure.
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B. Inoculum production
Traditionally, natural mixed-genotype inocula, present in soil and leaf litter,
have been used to initiate symbioses. But if we are to exploit particular strains,
ways must be found to produce single-strain inocula of known infectivity.
Techniques have been developed for producing some ectomycorrhizal fungi
in bulk liquid culture or vermiculite-peat (Marx & Kenney 1982). VA fungi
cannot yet be cultured  invitro,  but they can be grown on host plants (frequently
fibrous-rooted monocotyledonous plants) in glasshouses under clean condi-
tions to produce an inoculum of chopped roots and soil (Menge & Timmer
1982).  Gkmus epigaeus  shows great potential for commercial application
because it produces sporocarps on the soil surface which can be harvested
repeatedly without destroying the pot culture (Daniels & Menge 1981).
Rhizobium  strains may be readily cultured  in vitro (Date &  Roughley 1977)
and  in vitro  culture techniques for  Frankia  have been developed quite recently
(Callaham  et al.  1978).
C. Nursery procedures
Special procedures may be necessary to ensure that good symbioses form in
the nursery with known 'types of microsymbionts. At present, most of the
information concerns the formation of ectomycorrhizas, but the principles
involved' probably apply to the other symbioses.
In nurseries where there is a large natural population of 'wild' types, soil
fumigation may be necessary to reduce competition for infection sites on the
root systems (Marx  et al.  1976; Lamb & Richards 1978). If the soil is not
fumigated', then placement of the inoculum close to the seedlings to allow
rapid infection will be critical (Menge & Timmer 1982). The soil conditions
and cultural regimes in nurseries seem to create conditions favouring certain
species of microsymbiont, such as the ectomycorrhizal fungus  Thelephora
terrestns  (Marx 1980). If the chosen microsymbiont is to dominate on the root
systems, inoculation must be done soon after germination, allowing infection
of new roots as they develop, and conditions must favour the desired symbiosis
over one or more seasons (Ruehle 1980).
The levels of fertilizer applied, and the ways they are applied, often greatly
affect ectomycorrhizal formation. If large amounts of fertilizer are applied to
the soil, this can decrease the sugar content of short roots and limit mycorrhizal
formation (Marx  et al.  1977; Dixon  eral.  1981). But if the same amounts of
fertilizer arc applied in a foliar mist, there may be good growth and mycorrhizal
formation. Not all systems may be as sensitive; an isolate of  Laccaria laccata
can form good mycorrhins at a wide range of fertility levels (Molina &
Chamard 1983), and VA fungi'appear to be less sensitive than ectomycorrhizal
fungi to fertilizer application (Kormanik  et al.  1977; Schultz  et al.  1981).
For the grower of ectomycorrhizal plants there may be a conflict between
the need to produce both large plants and mycorrhinl plants — high fertilizer
rates may produce large but poorly mycorrhizal plants, whereas lower rates
often produce smaller but mycorrhizal plants, so new methods of grading
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plants for sale may be needed. This conflict does not appear to arise with
VA hardwoods because fertilizer application does not prevent good VA
mycorrhizal formation (Schultz et al. 1981). It may be possible to use cover
crops to build up the inoculum of VA fungi on site (Kormanik et at 1980).
For each proposed microsymbiont-host combination, it will be necesary to
optimize nursery conditions — time of inoculation, fumigation treatment,
fertilizer and watering regimes should all be investigated.
Having established the desired symbiosis, care with plant handling while
lifting, storing and outplanting is essential if benefits are to be maintained,
because mycorrhizas and nodules will be vulnerable to inadvertent root
pruning and desiccation. The use of container-stock reduces this problem,
but, provided 'bare-rooted stock is handled with reasonable care, sufficient
mycorrhizas and nodules should remain to provide benefits after outplanting.
D. Alternative inoculation techniques
Inoculation at the time of outplanting is a possible alternative to nursery
inoculation. Nursery procedures would not have to be changed and there
would be no risk of losing the desired symbiosis when the trees are lifted. If
the symbiont were applied by dipping the tree roots in an inoculum slurry
before planting, the inoculum would be well placed to infect newly emerging
roots. However, the symbiont would hive to survive in the soil until the trees
started to grow, and it would have to compete with wild types at the planting
site, and with those that had infected in the nursery which would have their
food base already established (from the photosynthesizing plant).•
Clearly, inoculation at this 'time would not improve nursery growth and
would be unlikely to improve outplanting survival. However, growth benefits
might be obtained on sites where there was a low background of natural
inoculum.
VIII. PROSPECTS FOR MAINTAINING THE DESIRED
SYMBIOSIS
A. Natural succession, competition and dispersal of symbionts
A natural succession of ectomycorrhinsl fungi has been observed on Betula;
that is, different fungi occur as the trees become older (Lastet al. 1983; Mason
et al. 1983). Other observations on nursery and outplanted trees also suggest
that the range of ectomycorrhins associated with forest trees alters consider-
ably as the trees age (Mikola 1961; Chu-Chou & Grace 1981; Riffle & Tinus
1982; Malajczuk et al. 1982; Danielson 1984). There is no evidence for
succession in other symbioses with trees. Spore counts of VA fungi on crops
planted annually for six years after clearing woodland do suggest that some
systematic changes can occur with particular host plants, but this is a change
with time, not with plant age (Schenck & Kinloch 1980).
Succession and competition among microsymbionts will inevitably diminish
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the effect of any chosen inoculum. On sites which have a poor background
inoculum (for which it is essential to establish a good symbiosis before
outplanting), competition will probably be no problem, but competition will
be a problem on sites where there is a high background of compatible
microsymbionts. Evidence suggests that high backgrounds of ectomycorrhizal
symbionts may occur on clearcut sites — which have been previously wooded
— although this will be affected by the method of site clearance. Slash
burning reduced mycorrhizal development on one- and two-year-old naturally
regenerated  Pseudotsuga menziesn  seedlings, particularly in the surface layers
of soil (Wright & Tarrant 1958). Also, the mycorrhizal inoculum for  P.
menziesh  and  Thuja plicata  diminished with time after clear-cutting (Schoen-
berger & Perry 1982).
Malajczuck  et al.  (1982) raised an interesting point with reference to
succession in plantations of ectomycorrhizal exotic tree species. They sugges-
ted that, in native stands of eucalypts and  Pinus radiata,  a natural succession
of mycorrhizal fungi occurred as the stands matured, and that this succession
began with fungi with a broad host range and ended with fungi that were
host-specific. This observation has implications for plantation forestry, be-
cause host-specific fungi may be absent. Whether or not the lack of late-stage
host-specific fungi causes problems is open to question, because the functions
of the various fungi are not known.
As mentioned above, it is important for the microsymbiont to be able to
spread into the new rooting zone after outplanting. Ectomycorrhizal fungi can
produce numerous airborne spores and can grow along the root surface and
out into the soil, and so should be well able to infect new roots as they emerge.
This ability is one on which selection should be based — fungi which form
mycelial strands are likely to be best. Marx  et al.  (1976) found that, in nursery
conditions,  Pisolithus tinctorius  mycelium could spread 120 cm in onc season.
VA fungi can also grow along root surfaces and into the soil. Their spores are
not airborne, but they can be moved in soil dust or in water; important vectors
include rodents, earthworms, ants, wasps and birds (Janos 1983).  Frankia
and  Rhizobium  cannot spread by growing out into the soil; their spread will
depend upon vectors carrying nodule fragments. Thus, of the microsymbionts,
the ectomycorrhizal fungi are best able to spread and infect root systems as
they develop, and  Frankia  and  Rhizobium  are least able. However,  Frankia
and  Rhizobium  can be very long-lived in the soil and the prospect of 'seeding'
the site with resistant propagules should not be dismissed.
B. Persistence of beneficial effects
Few substantial data have been published on how long the beneficial effects
of inoculation with mycorrhizas persist after outplanting. Data published by
Theodorou and Bowen (1970), Bowen  et al.  (1971) and Riffle and Tinus
(1982) suggested that, in  Pinus radiata  and  Pinus ponderosa,  beneficial effects
on height growth could persist for at least five years after outplanting and the
benefits appeared to be increasing with time (Fig. I). In  P. radiata,  the
differences in heights between inoculated and uninoculated trees could be
attributed to a greater height relative growth rate in the inoculated plants
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A  Pinus radiata  B.  Pinus ponderosa
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FIGURE I. Heights, and height relative growth rates, of  Pinta radiata  and  Pinus
ponderosa trees for five years after outplanting, comparing trees that were inoculated
with effective mycorrhizal fungi (closed circles, continuous lines) with trees that were
not inoculated (open Circles, broken lines).
A. The  P. radiata  height data are taken from Theodorou and Bowen (1970) and Bowcn
et al.  (1971) who tested four types of inoculum at South Mount Bold, South
Australia. Data shown here arc for the most effective isolate (Suillus granulams).
Height relative growth rates are after Mexal (1980) (with some modification).
B. The  P. ponderosa height data are from Riffle and Tinus (1982) who tested seven
types of inoculum on trees outplanted at a grassland site in North Dakota, USA.
Data shown here are for the most effective type (mixed natural inocula from pine
duff).
(Because height data were not always collected annually, relative growth rates were
estimated from the height graphs.)
only in the year following outplanting, which gave them a long-term height
advantage. By contrast, in P. ponderosathere was a continuing difference in
height relative growth rate between the inoculated and control plants to age
five (Fig. I). However, the P. ponderosatrees were growing slowly and they
may have been just emerging from 'check' at age five, and so have been
equivalent to the P. radiatatrees at age one to two after planting.
Figure 2 speculates how such differences may continue over the lifetime of
a tree crop, comparing the heights of inoculated and uninoculated plants (a)
when natural background mycorrhizas are ineffective and not competitive
with the introduced inocula, and (b) when uninoculated plants can acquire
effective natural mycorrhins. In both of these illustrations, 'uninoculated'
AEttecnve
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FIGURE 2. Postulated shapes of height/age curves for trees inoculated with effective
(continuous line) or ineffective (broken line) mycorrhizas, and outplanted,
A. on a site with poor natural, background inocula, and
B. on a site with effective natural, background inocula.
is synonymous with 'has mycorrhizas of ineffective, unselected species'.
Succession (replacement) with ineffective species would not substantially alter
these speculations, because the differences which developed in the first few
years after outplanting would persist, although they would represent a small
relative difference in height at the end of the rotation. However, in both of
these examples, the period during which the sapling is vulnerable to weed
competition, frost and browzing damage is decreased, which could be most
important.
IX. PERSPECTIVE: BENEFITS OF SELECTIVE
INOCULATION VERSUS GENETIC GAIN
Clearly, inoculation with selected mycorrhizal fungi can give substantial
benefits in the nursery and soon after outplanting, but no data are available
on which to judge the magnitude of the long-term benefits. We might note
that an alternative technique for improving tree growth — genetic improvement
of the host — is expected to provide a gain of 10-20% in tree height and stem
volume. Except on sites where the benefits of inoculation are 'all or nothing',
the long-term benefits of introducing symbioses are unlikely to be greater
than this. Also, if genetic improvement is achieved by improving the ability
to access nutrients and water, then the benefits of introducing selected
mycorrhizas may not be additive with geneticgain. We need to know moit
about the physiological basis of genetic improvement, and to integrate tree
breeding with studies on host responses to mycorrhizal inoculation.
X. SUMMARY' AND DISCUSSION
Mycorrhizal and nodule-forming associations are essential for the growth of
tree crops. At present, most research has been done on the ectomycorrhizal
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and VA mycorrhizal associations. The data obtained demonstrate considerable
short-term benefits in the nursery and after outplanting; long-term benefits
are a matter for speculation but may be of the same order as those obtained
by genetic improvement of the host. There are strong interactions between
host and inoculum genotype, and between environment and genotype, which
should be taken into account when initiating trials. Although a particular
microsymbiont cannot be expected to be equally beneficial in all circum-
stances, it is necessary to identify 'broad spectrum' microsymbionts, able to
perform well in a range of environments. Just as tree provenances/species are
grown on particular types of site, so might microsymbiont species/strains also
be used on particular tree provenances/species. The ultimate refinements
could be in clonal forestry, and in the use of clonal rootstocks in the fruit tree
industry, where precise matching of microsymbiont to host could be achieved.
The discovery that a succession of different ectomycorrhizal fungi infect
trees with increasing tree age has helped us to select inocula that are suited
to the seedling stage, but the existence of succession implies that their
beneficial effects may be short-lived. The longevity of a selected symbiotic
association will depend upon a number of factors, including the presence or
absence of background infective 'wild' inocula, changes in host physiology
and the environment, and the ability of the microsymbiont to spread as the
root system enlarges after outplanting.
One future development could be the use of mixtures of selected mycorrhizal
fungi, which could maintain a physiologically active root system through a
range of environmental conditions over time. Powerful combinations of
selected N2-fixing and mycorrhizal associations (on one root system) may be
possible for trees that are host to both types of microsymbiont. Furthermore,
there are some indications that it may be possible to incorporate N2-fixing
ability into strains of mycorrhizal fungi (Giles & Whitehead 1977). Even
without these refinements, symbioses could be exploited much more by
identifying and utilizing effective strains. However, we need to assess the
costs and benefits of these techniques of tree improvement compared with
other methods.
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I. INTRODUCTION
Whereas fruit trees are either regenerated clonally, or have been bred for early
and reliable flowering, forest trees still retain variable, and often long, juvenile
periods. Forest tree breeders do not wish to select for early abundant flowering,
because this might decrease timber production, so they must depend on
cultural and growth regulator treatments to hasten the breeding and produc-
tion of genetically improved seed for use in reafforestation. The control of
flowering in forest trees has therefore been extensively, if not intensively,
investigated. This progress is summarized in two recent symposia (Bonner
1979; Krugman & Katsuta 1981) and in various reviews (Jackson & Sweet
1972; Puritch 1972; Sweet 1975; Pharis & Kuo 1977; Lee 1979; Ross &
Pharis 1982; Rosset al. 1983; Pharis & Ross 1985a,b).
Future research may identify new techniques or growth regulators, but the
basic treatments that can be used to promote flowering in forest trees are well
established. These are water stress, root pruning, girdling, and the application
of high temperatures,Nfertilizers, and appropriate growth regulator(s).Some
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workers have attempted to simplify the flowering process and interpret all
environmental and cultural influences in terms of a single stimulus. Jackson
and Sweet (1972) rejected this simplification because of notable exceptions to
every proposed mechanism. Romberger and Gregory (1974) also rejected the
single stimulus hypothesis, arguing that woody perennials, unlike annual
plants, could not survive if flowering were under the control of a single
stimulus. •hey proposed that numerous biochemical/physiological systems
were involved in the control of flowering in woody trees, all of which must
be 'permissive' if reproductive structures were to initiate, and subsequently
to develop.
In this paper, we review several of the more likely mechanisms by which
different treatments may promote flowering, restricting the discussion to the
early processes of floral initiation and differentiation. The juvenile phase of
woody plants will be considered only indirectly, because this subject has been
reviewed recently by Hackett (1985) and Zimmerman  et al.  (1985), and also
by Longman in ihis volume. I.imitations of time and space have also forced
us generally to confine our discussion to coniferous forest trees, although we
will comment where direct analogies can be made with woody angiosperms.
II. POSSIBLE MECHANISMS INVOLVED IN CONEBUD
DIFFERENTIATION
A. Role of carbohydrates and nutrient diversion
It has long been known that abundant flowering is commonly associated with
factors that may be expected to favour either a high rate of photosynthesis(such as high solar insolation, wide spacing or crown `release' by thinning),
an accumulation of assimilates within the shoot, as a result of phloem blockage(induced by girdling or graft incompatibility) or a check on vegetative growth(by water stress, root pruning, etc.) (Jackson & Sweet 1972; Lee 1979).
Although this is an attractive hypothesis to explain the action of many diverse
types of treatments (Sachs 1977), Jackson and Sweet (1972) pointed out that
there is no unequivocal evidence to support the belief that carbohydrates play
a direct, or even supportive, role in flower initiation and early differentiation
processes in woody plants. Results of shading experimcnts (Silen 1973;
Giertych & Krolikowski 1978) attest to the importance of high solar insolation
to abundant flowering, but it appears that the effect of high light intensity
may be due as much or more to radiant heating of buds (Dunberg 1979;
Giertych & Krolikowski 1978), or to localized water stress (owing to higher
evaporative demand), as to the production of photosynthate.
Similarly, it appears that the marked increase in cone production that
follows crown 'release' (Matthews 1963; Lee 1979) cannot be attributed
exclusively to enhanced photosynthesis or other indirect benefits of high light
intensity. Bilan (1960) detected no difference in carbohydrate levels in shoots
of  Pinus taeda  trees in thinned and unthinned stands, despite substantially
greater cone production by the former. Increased air and soil temperatures,
and increased availability of water and nutrients, especially N, also appear to
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be involved in the flowering response to thinning (Bilan 1960; Schmidt ling
1974). This general improvement in site conditions may enhance cone produc-
tion in the long term, indirectly, through the development of more vigorous
crowns with more potential sites for flowering. Thinning may also affect
conebud differentiation more directly by creating inductive water stresses,
which can occur (even with ample soil water) as a result of increased crown
exposure to solar radiation and wind (Sucoff & Hong 1974).
Several studies have failed to demonstrate a positive correlation between
(a) the flowering response to girdling (Bilan 1960; Ebell 1971) and other
treatments, such as N fertilization and crown 'release' (Bilan 1960; Barnes &
Bengtson 1968; Sweet 1979), and (b) the soluble sugar or total carbohydrate
content of shoots. It would be unwise, however, to conclude from such studies
that assimilate supply is seldom a limiting factor in conebud differentiation.
Studies in which current photosynthate was labelled with HC have shown
that gross carbohydrate determinations on entire shoots give inadequate
measures of assimilate supplies to the sites of floral determination (Takeda et
al.  1980).
Greenwood (1981) has suggested that treatments which promote flowering
in  Pinus can be divided into two categories: (a) those that hasten the completion
of shoot elongation; and (b) those that promote long-shoot (axillary) bud
development once the quiescent bud has been set. According to Greenwood,
shoots of young seedlings and vigorous older trees continue growing too late
into autumn, with the consequence that long-shoot primordia are unable to
complete differentiation into seed conebuds before the onset of dormancy in
winter. However, it is not clear why this might be a problem in the formation
of seed conebuds, but not branch buds, which develop from the same long-
shoot primordia. An explanation, perhaps more consistent with reproductive
development in other conifers (such as Pseudotsuga and  Tsuga) — where early
conebud differentiation processes appear to precede, or accompany, shoot
elongation, rather than follow it as in  Pinus  and  Piced — is that it is the rate
of growth during some critical stage of bud development that is the important
factor (Bonnet-Masimbert 1979). The elongating shoot is a strong sink for
assimilates relative to developing buds (Dickmann & Kozlowski 1970). Thus,
the two treatment effects considered by Greenwood may be different aspects
of the same phenomenon, namely diversion of assimilates into potentially
reproductive buds and primordia (Sachs 1977).
Treatments that may cause nutrient diversion include water stress, root
pruning, bending of shoots, and graft incompatibility. Indeed, most of the
effective 'cone enhancement' treatments, including girdling (Hare 1979;
Bonnet-Masimbert 1982) and excesses as well as deficiencies of N (Lyr•&
Hoffmann 1964; Sweet & Will 1965; S. 11 Ross, unpublished data), retard
shoot elongation, at least temporarily. L. F. Ebell (pers. comm.) examined
flowering in seed orchard trees of  Pseudotsuga menziesii n response to root
pruning in numerous trials in British Columbia and found that this treatment
was most effective when it retarded stem elongation by 40-50%.
Results of trials investigating the timing of treatments tend to be rather
confusing (as treatments are often related to calendar date rather than to
stage of reproductive bud development), but the view emerges that 'stress'
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treatments are generally more effective when timed to coincide with (or
precede) thc period of rapid shoot elongation, rather than with the probable
period of conebud differentiation (Ho 1st 1959; Ebe 11 1971, 1972; Ross et al.
1983). Other evidence for this view comes from a recent study (Ross 1985)
wherein potted P:cea  engelmanniigrafted propagules were subjected to high
temperatures or drought stress at different stages of shoot development.
Philipson (1983) considered both to be stress treatments, but our results
suggested that only drought provided a stress. The optimal time to give high
temperatures (30 °C day/20 °C night), to promote conebud differentiation, was
during the late stage of slow shoot elongation (when conebud differentiation
is known to occur), and this treatment had no discernible effect on shoot
growth, which by then was nearly completed. Drought stress at this late stage
of shoot development significantly inhibited flowering, as had also been
reported for Picea  abies(Olsen 1978). Responses were reversed, however,
when drought and high temperature treatments were applied during the period
of rapid shoot elongation, preceding the period of conebud differentiation. In
that case, drought stress retarded shoot elongation and promoted flowering,
whereas high temperatures accelerated growth and inhibited flowering. There-
fore, although both drought stress and high temperature can promote flower-
ing, they may do so by different mechanisms.
Assuming that nutrient diversion accounts (at least in part) for the effective-
ness of treatments that retard shoot elongation, how might an increased supply
of assimilates to buds favour their subsequent development as reproductive
structures? One way might be by allowing the continued development of
potentially reproductive primordia that would otherwise abort or remain latent
(Sweet 1979; Pharis et al. 1980). However, this does not account for the fact
that seed conebuds also differentiate at the expense of vegetative branch buds
(Owens & Molder 1979; Pharis et al. 1980). Sachs (1977) suggested that
a higher concentration of nutrients was required for buds to differentiate
reproductively, as opposed to vegetatively, referring specifically to the possi-
bility that genetically determined events were related to a particular sugar
concentration. It has also been postulated (Romberger & Gregory 1974;
Tompsett 1978; Sweet 1979) that a vegetative bud's early growth rate is a
determining factor in its subsequent development, and that this could be the
mechanism by which high nutrient levels influence flowering. We shall
consider this hypothesis in more detail below.
B. Role of nitrogen and its metabolites
Nitrogen is the only mineral element which, when applied to the tree as
fertilizer, will proinote flowering in conifers (Puritch 1972; Schmidt ling 1974).
However, its role in this regard remains 'a matter of some controversy.
According to Sweet and Hong (1978), the major role of N is to improve tree
vigour, increasing crown size and thus the number of sites where conebuds
may differentiate when conditions created by other inductive agents are
favourable. The other hypothesis is that specific products of N metabolism —
amino acids and arginine in particular — play a direct role in the differentiation
process (Ebell & McMullan 1970; Schmidtling 1974).
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Sweet and Hong (1978) reviewed the literature on flowering responses to
N fertilizers in Pinar, and noted that N fertilization was most effective on
those sites that were naturally deficient in N. It has also been our observation
that the flowering response of  Pseudotsuga menziesn to nitrate-N fertilization
is less pronounced in well-fertilized seed orchard and potted trees than in the
N-deficient forest stands studied by Ebell (1972). The response to N fertilizer
persists for many years after application, and this does appear to result from
the general improvement in site conditions, and the associated increase in
crown size and number of potential sites for flowering (Ebell 1972; Sweet &
Hong 1978).
However, there is fairly conclusive evidence that the positive effect of N on
flowering is not strictly related to improved nutrition, but that N in the proper
form (ie as NIL or NO,), and at the proper time, can directly affect conebud
differentiation (Ebell & McMullan 1970; Ebell 1972; Schmidtling 1974).
Nitrate-N, for example, was the preferred source for conebud differentiation
in  Pseudotsuga menziesii(Ebell & McMullan 1970; Ebell 1972), and nitrate-
N also synergistically enhanced GA4,7 promotion of flowering in both  P.
mennesii and  Tsuga heterophylla (Ross 1983; Ross et al. 1983). The effectiveness
of the nitrate ion, relative to the ammonium ion, was correlated with an ability
of the former to increase the level of arginine and other guanidines within the
shoot, without affecting thc total N pool (Ebell & McMullan 1970). Noting
that arginine levels were similarly increased by water stress, which also
stimulates flowering, Ebell (1972) speculated that arginine, as distinct from
other amino acids, may play a regulatory role in conebud differentiation.
Barnes and Bengtson (1968) also reported elevated levels of arginine in shoots
of  Pinus ell:bun  trees induced to flower by NH4NO3 fertilizer. In apple
propagules, it is the exogenous application of the ammonium, rather than the
nitrate, ion that promotes flowering, and here the effect is similarly associated
with an accumulation of arginine (Grasmanis & Edwards 1974): Grasmanis
and Edwards (1974) also assigned a specific regulatory role to argiriine in
flowering.
However, there are other studies which show that elevated levels of arginine
in the shoot can also accompany non-inductive fertilizer treatments (Sweet &
I long 1978), and that other inductive conditions cause flowering without a
concomitant increase in arginine (Ching  et al.  1973; Lee et  al. 1979). Further-
more, attempts to promote flowering in conifers by means of exogenously
applied arginine have been unsuccessful (Sweet & Hong 1978; Hare 1979;
McMullan 1980). It is worth remembering that arginine is an important
storage form of N, both in fruit trees (Tromp 1970) and in conifers (van den
Driessche & Webber 1977). One might therefore expect arginine to accumulate
in shoots under conditions where N uptake exceeds the growth demand.
Thus, although the mechanism by which N fertilizers promote floWering
remains obscure, it is probably poor N utilization during shoot giowth which
leads to the accumulation of arginine.
In apples, Grasmanis and Edwards (1974) found that the shoots grew least
well in response to that N source (ammonium) that was most conducive to
flowering. Although not evident in Ebell's (1972) study, this also generally
appears to be the case for  Pseudotsuga menziesii (van den Driessche & Webber
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1977; C. J. Masters, pers. comm.). In unpublished work on this species, we
found that the flowering response to increasing amounts of Ca (NO3)2 was
proportional to the inhibition of shoot elongation (relative to unfertilized
controls), up to the point where excessive amounts produced overt toxic
symptoms. Hoist (1959) also speaks of 'fertilizer shock' in relation to the
flowering response in conifers to heavy doses of N. Thus, a case can be made
that. N applications which evoke a specific flowering response constitute a
shock treatment. Such an interpretation would resolve the conundrum pre-
sented by the fact that starving the plant of N is also an effective cone
enhancement treatment for some conifers (1-yr & Hoffman 1964; Sweet &
Will 1965).
' Sec Note, p.  393.
C. Role of gibberellins
Of the different plant growth-regulating chemicals, only gibberellins (GAs),
when applied exogenously, are known to promote flowering in conifers (see
Pharis & Kuo 1977; Ross  et al.  1983; Pharis & ROss1985b). In this respect,
conifers differ from most woody angiosperms, where exogenous application
of GAs (at least GA„ GA4r, and GA,) inhibits flowering', and high endo-
genous levels'of GAs appear to be associated with the vegetative or so-called
juvenile condition (see Hackett 1985). Conversely, chemical growth retardants
that promote flowering in woody angiosperms have been ineffective on conifers
(Jackson & Sweet 1972), except in two instances where the growth retardant
CCC was applied in conjunction with GA, (Bleymiiller 1976; Chalupka 1979).
Similarly, although auxins and cytokinins may enhance or modify the response
to exogenous GAs, they are essentially ineffective by themselves (see Pharis &
Kuo 1977; Ross  et al. 1983).
It  has long been known that flowering can be promoted at an early age in
conifers within the Cupressaceae and Taxodiaceae by exogenously applying
a variety of GAs, of which GA, is one of the most effective (see Pharis & Kuo
1977). However, for Pinaceae species, it is the GAs less polar than GA,, such
as GA,, GA, and GA„ that are most effective (Pharis 1975; Ross & Pharis
1976; Tompsett 1977; Dunberg 1980; Pharis  et al.  1980; Greenwood 1982).
Ross  et al.  (1983) noted that successful promotion of flowering, using a
mixture of GA, and GA, (GA4.7), has now been reported for, at least 16
different species in five of the six genera of Pinaceae, and in over 60 research
reports (cited by Pharis & Ross 1985b). It is also worth noting that, in contrast
to the usually small interactions reported between different cultural practices
(Bilan 1960; Barnes & Bengtson 1968; Ross & Pharis 1982), GA4.1 often
stimulates flowering synergistically when applied with other cultural treat-
ments (such as girdling, N fertilization, water stress, and root pruning), even
under conditions where the cultural practice is ineffective by itself (see Ross &
Pharis 1982; Webber  et at  1985).
Some workers have questioned the concept that this response to exogenous
GAs reflects an endogenous role for the growth regulators in the flowering of
conifers (see Dunberg & Oden 1983). Sweet (1979) and McMullan (1980),
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working with  Pinus  radiata and  Pseudotsuga menziesii,  respectively, noted that
the amount of exogenously applied GA.47 required to elicit a flowering response
was many thousand times greater than the highest level of all GA-like sub-
stances detected in shoots and buds. McMullan (1980) suggested that the
GAv 7 effect was strictly pharmacological; that is, it was the result of a
nonspecific physiological stress induced by a massive dosage of the growth
regulator. But such calculations do not take into account the fact that only a
small proportion of the applied GA41 will be absorbed by the tree, and that
the differentiating primordia have access to only a very small fraction of that
small proportion (Ross & Pharis 1982; Pharis & Ross 1985b). Studies on  I'.
mennesii using [31-I]GA4 have shown that over 95% of it passes to adjacent
stem and needle tissue (see Pharis & Ross 1985b). Additionally, PHIGA, is
rapidly metabolized in  P. menziesii and converted to several [31-I]GAs and
PHIGA conjugate-like substances that have a low biological activity (Wample
et al.  1975).
There is, in fact, a growing body of evidence which leads us to conclude
that endogenous GAs of a less polar nature play an important regulatory role
in differentiation of conebuds in conifers (see Pharis 1977; Ross et al.  1983;
Pharis & Ross 198517). It appears that young, and otherwise vigorously
growing, conifers may utilize endogenous GAs preferentially for vegetative
growth. Only when environmental conditions, or other factors such as matura-
tion and ageing, restrict vegetative growth (and utilization of GAs), may
endogenous GAs become available for a loag enough period, and in sufficiently
high concentrations, for conebud differentiation to occur. Evidence in support
of this hypothesis may be found in Kamienska et al.  (1973), Pharis (1977),
Chalupka  et al. (1982), Dunbcrg et al. (1983) and Ross (1983), and in several
recent reviews (Pharis 1976; Ross et al.  1983; Pharis & Ross 1985b); only a
brief summary will be given here.
The suggestion has been advanced, and will be considered below, that the
flowering response to GA41 is the result of an enhanced growth rate and/or
altered pattern of meristematic activity in vegetative buds during their early
development. However, morphologically distinct from this development
(Owens  a al.  1985) is the enhanced .elongation of preformed shoots that
frequently accompanies the GA4-7 promotion of flowering in  Pseudotsuga
menziesii and other Pinaceae family conifers (see Ross 1983; Ross et al.  1983).
Our studies on  P. menziesii ndicate that these two effects are not causally
related, but are independent responses to exogenous GA4,7, and, further, that
endogenous GAs appear to be limiting both processes. Thus, depending on
the timing of GA.47 application, it is possible to influence mainly shoot
elongation, mainly flowering, or both, if GA4,7 treatment is continued long
enough (Ross 1983). In young seedlings of  I'. menziesii,GAW preferentially
promotes vegetative growth, but with increasing ontogenetic maturity the
shoot elongation response to GA4,7 decreases and the GA4,7 becomes more
effective in promoting conebud differentiation (Ross 1983).
The implication here is that older, more 'sexually mature' trees possess
high endogenous levels of certain critical less polar GAs — levels that may
be adequate for vegetative growth, but are still suboptimal for conebud
differentiation. Bioassay results of Crozier  et al. (1970), comparing shoots
390 S. D. Ross & R. P. Rharis
from old and young  P. menziesii  trees, seem to support this interpretation.
Levels of less polar GA-like substances in  P. rnenziesii were also found to
increase, relative to more polar GAs, following the inductive treatments of
water stress and nitrate-N application (cited in Pharis 1977). In the case of a
highly inductive root pruning treatment (Ross  et al.  1985), the increase in
endogenous GA47-like substances was associated with a slowed conversion of
PFKA, to biologically inactive metabolites (see Pharis & Ross 1985b).
Because one effect of root pruning and other stress treatments is to retard
shoot elongation (Webber  et al.  1985), these findings offer reasonable support
for dur hypothesis that, where less polar GAs are limiting, they (or their polar,
biologically active metabolites) are preferentially utilized in vegetative growth.
High temperatures (given, for example, by covering the shoots with plastic)
are also known to slow the metabolism of [31-]GA4 (Dunberg  et al.  1983) and
result in higher endogenous levels of less polar GAs within the shoots of  Picea
abies  (Chalupka  et al.  1982). However, this highly effective flower promotion
treatment for  Pkea  did not inhibit shoot elongation (Philipson 1983; Ross
1985). I lence, the cultural treatment of high temperature may be acting at
the biochemical level, to slow the oxidative conversion of active less polar
exogenous or endogenous GAs to the inactive (with regard to piomotion of
flowering) more polar GAs.
D. Bud vigour and differential morphogenesis
Romberger and Gregory (1974) postulated that small changes in the rates and
distributions of meristematic activitywithin embryonic shoots determined
whether primordia differentiated reproductively or vegetatively. Such changes
(differential morphogenesis) were considered to be the cause, rather than
consequence, of floral evocation in conifers. A similar view Was advanced by
Tompsett (1978), who suggested that the future developmeni of a vegetative
bud. of  Picea suchensis  could be predicted from its early growth rate. In this
species, as in most conifers', seed cones tend to diffeientiate from moderately
vigorous buds in the upper and outer crown and pollen Cones from less
vigorous buds in the lower and inner Crown, whereas buds of very strong, or
very weak, vigour usually remain vegeiative (Longman, this volume).
Based on this relationship, and thc known ability of ekogenous GAs to
stimulate supabical meristematic activity in angiospermous plants (sec Jones
1973), Tompsett and Fletcher (1979) suggested that GAs may promote flower-
ing in conifers by enhancing the early growth rate of potentially reproductive
buds and primordia. This hypothesis has gained'some acceptance in recent
years (eg Sweet 1979; Chalupka 1980; Greenwood 1981; Philipson 1983), but
it is not supported by experimental evidence. Indeed, Owens  et al.  (1985)
found that, while GA4,7 injected into stems of  Psendotsuga menziesii trees could
stimulate shoot elongation  per se,  it had no effect on mitotic activity or apical
size in the shoot terminal bud or axillary (lateral) bud primordia, prior to the
latter undergoing differentiation into conebuds. Ross  et al.  (1984) found a
somewhat different response in  Pinus radiata.  Here, topical application of
either GAi or GA7 to terminal vegetative buds caused, only eight days later,
a significant reallocation of dry matter (and "Clabelled assimilates) within
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the buds, from their apical domes and from subtending structural tissues to
potentially reproductive lateral long-shoot primordia. Yet only GAV7
significantly promoted flowering, indicating that any benefit from nutrient
diversion, and enhanced growth of lateral long-shoot primordia during their
early development, was secondary to a direct morphogenetic effect of GA40
on conebud differentiation.
Owens  et at  (1985) concluded that it was a gross over-simplification to
suppose that the early growth rate of a bud, or the distribution of mitotic
activity within it, determined  the  bud's subsequent pattern of differentiation.
They cited studies on  Pseudotsuga menziesh, and other conifers within the
Pinaceae family, which showed that there was little difference developmentally
between probable seed cone, pollen cone and vegetative bud primordia until
only shortly before the bud types became anatomically distinct. Thus, the
observation that more vigorous buds in the upper tree crown have a higher
probability of differentiating seed cones than less vigorous buds in the lower
crown (which often form pollen cones) appears not to be related to bud vigour
per se,  but to hormonal, nutritional and environmental gradients within the
crown (Schmidtling 1974; Ross et al.  1983; Owens et al:1985).
There are other findings which are difficult to reconcile with the bud vigour
hypothesis (Tompsett 1978). In  P . menziesu it  is unusual for the shoot terminal
bud, regardless of its vigour, to differentiate into a seed cone, whereas this is
a fairly common occurrence in GA4-7-treated trees (Ross 1983). Also, in  P.
menzzesii, root pruning and GA, 7 t reatments each extended the zone of female
flowering down the crown to include shoots less vigorous than those that
would normally be expected to produce seed cones (Ross et al.  1985), and yet
root pruning slowed, and GA4:7 had no effect on the subsequent development
of the buds (mitotic activity and apical size) prior to their differentiation as
seed cones (Owens  et al. 1985).
If is not clear how the above results on the effects of root pruning relate to
the nutrient diversion hypothesis that has been advanced to explain thé action
of this and other stress treatments on flowering. By decreasing vegetative
growth, stress treatments may also increase the level of endogenous GAs
available for reproductive bud development. However, the strong synergistic
effect observed between stress treatments and exogenously applied GA4,, (see
Ross & l'haris 1982; Ross et al.  1985) implies that other factors.are involved
in the promotion of flowering. More definitive studies involving "C-labelled
assimilates will be required to determine if increased nutrient availability is
involved and, if so, what the role(s) of increased nutrients might be in the
initiation, differentiation and early development of reproductive structures.
E. Role of roots
It has been emphasized that many of the treatments which promote flowering
in conifers (such as root pruning, drought and flooding of roots, high and low
soil temperatures, excesses and deficiencies of N) could halt or diminish root
activity. For the most pan, we believe these effects on flowering can best be
explained by diminished or altered shoot activity, resulting fromdecreased
absorption of water and mineral nutrients. There has, however, been increas-
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ing conjecture in recent years (Dunberg 1979; Bonnet-Masimbert  et al.  1982;
Philipson 1983) that roots play a more direct role in conifer flowering, a role
that involves the synthesis and export to shoots of substances inhibitory to
flowering, as has been suggested for some woody angiosperms (see I lackett
1985).
Perhaps the best studies supporting this hypothesis are Schmidt ling's (1969,
1983) showing that rootstock and interstock influences on precocious flowering
in  Pinus  are independent of their effect on shoot growth. Lavender  et al.
(1977) proposed that reduced root metabolism, and export of inhibitory
substances to shoots, accounted for the promotive effect of low soil temperat-
ures on flowering in potted  Pseudotsuga menziesii seedlings. It was noted that
low soil temperatures affected neither the water nor nitrogen contents of
plants, nor the final length of shoots produced that year. However, the same
treatment was observed, in another study by these authors (Lavender  et al.
1973), to significantly delay vegetative bud-burst in spring; hence it may, in
fact, have retarded the rate of shoot elongation at a time when conebud
differentiation was known to occur. Similarly, when considering Philipson's
(1983) suggestion that high soil temperatures promoted flowering in potted
Ptcea  sitchensis grafted trees (maintained in a warm greenhouse) by reducing
root activity, one must bear in mind that high temperatures are also effective
when applied only to shoots of trees grown outdoors (Brondbo 1969).
To our knowledge, only Bonnet-Masimbert  et al.  (1982) have examined the
effect of cone induction treatments on the growth both of roots and shoots in
a conifer. They found flooding of roots to be more effective than drought
stress in promoting flowering in potted  Pseudotsuga menziesit plants, and they
attributed this to the ability of flooding to immediately and reliably arrest root
growth, as opposed to any influence on shoot vigour. However, their results
(in their Tables 1 and 2) showed what seemed to be a consistent inverse
relationship between height increments and flowering response to flooding
and drought treatments. Thus we question whether the cessation of root
growth can be separated from concomitant effects on the shoot.
We must also ask the question: what kinds of growth regulators and/or
metabolites might actively growing roots export to shoots that could inhibit
flowering in conifers? In woody angiosperms (such as ivy and blackcurrant),
GAs appear to be such a substance (see Hackett 1985). The roots of conifers
also export GAs, at least in early spring (Lavender  et al.  1973), apparently
along with cytokinins and various organic nitrogenous compounds (see Ware-
ing 1980; Ross  evert  1983). But GAs and cytokinins (when given together
with GAs) are known to promote flowering in conifers, and the products of
nitrogen metabolism do not, insofar as is known, inhibit flowering. Thus, the
evidence for a unique substance, either root or shoot synthesized, that may
be inhibitory to flowering in conifers is speculative.
III. CONCLUSIONS
The control mechanisms for flowering in woody perennial angiosperms cur-
rently appear to be different from those in conifers, although certain of the
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same cultural conditions will cause flowering in both groups of trees. Based
on evidence to date, the control mechanism in conifers appears to involve
endogenous GA concentrations. Just how GAs function in this regard is
unknown. However, they appear to have a direct morphogenic role in conebud
differentiation that involves only indirectly, if at all, nutrient diversion and/or
altered meristematic activity within the developing bud. The evidence also
indicates that the GAs which promote flowering in conifers are also used for
vegetative growth. An attractive hypothesis is that young and vigorously
growing conifers utilize endogenous GAs preferentially for vegetative growth;
it is only when environmental or other factors restrict vegetative growth, or
otherwise slow the metabolism of endogenous 'effector' GAs, that these are
available for a long enough period, at sufficiently high concentrations, for
conebud differentiation to take place.
While conebud differentiation in conifers appears to be conditional upon a
high concentration of endogenous 'effector' GAs, it is apparent that other
factors must also be favourable. We know that the cultural treatments that
modify carbohydrate status, or that use N or modify N metabolism, can
interact synergistically with GAs in the promotion of flowering in conifers.
We also know that these cultural treatments themselves can increase the level
of endogenous GAs; yet the addition of extra GAs does not (in the Pinaceae
at least) substitute for the cultural treatments in their synergistic interaction
with GAs. Logic (and the past literature) tells us that carbohydrates, N and
other nutrients must play a role in the flowering of conifers. At the very least,
these nutrients are essential substrates, although the possibility cannot be
'totally discounted that carbohydrates and certain products of N metabolism
also play more direct morphogenic roles in the differentiation of conebuds.
Conebud differentiation in conifers involves a continuum of interacting
processes thatoccur over a relatively long period of 4-12 weeeks, depending
on the species. A variety of factors - including the concentrations of appropri-
ate GAs, carbohydrates, nitrogenous substances and probably other, as yet
undefined, nutrients and growth-regulating compounds- must remain favour-
able during the entire initiation and differentiation phases. Should one or
several of these interacting processes fail or become limiting, the conebud
differentiation process is not completed and the end result is a vegetative
shoot, or an arrested or aborted reproductive bud. The practical challenge
facing us is clear - to obtain sufficient basic understanding of these interacting
processes to allow the reliable and cost-efficient control of flowering in conifers.
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1 Note added in proof: Recent results (Looney, N. E., Pharis, R. P., & Noma, M. 1985.
Planta 164. In press) using GA, (less than 5% GA, contamination) and C-3 epi-GA, showed
significant flowering of spurs on apple trees (Maims dmintsca Borkh, cv. Golden Delicious)
displaying a high degree of alternate-year flowering when the GAs were applied four to seven
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weeks after anthesis. Thus, not only are GA, and C-3 epi-GA, not inhibitory, they promote
flowering in apple trees. Gibberellin A, (which is native to apple) is now being tested on several
woody angiosperrns with regard to possible flowering efficacy.
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I. INTRODUCTION
Most species of forest trees scarcely qualify as crop plants' at present.
Among the primary reasons for this are the irregularity in their reproductive
behaviour, and our general ignorance about its control, which prevent forest
trees from being subjected to the regular improvement by selection and
breeding that is routine for the majority of herbaceous and plantation crops.
The extent to which forest trees lag behind can be appreciated by imagining
the response from farmers if they were offered cereal, root crop or grass seed
described only by the geographical region from which it originated.
In the tropics, seed supplies are frequently limited because of sparse
flowering and/or short periods of secd viability (eg Dipterocarps, Wycherley
1973; Longman 1984a; Triplochiton scleroxylon, Leakey  et al.  1981; Agathis
spp., Bowen & Whitmore 1980). Seed-set is often poor in  Pinus canbaea var.
hondurensis, giving few viable seeds when the species is grown as an exotic at
low elevations between 9 °N and 9°S (Gallegos 1981). In Britain, home-
produced seed is seldom or never available of  Abies grandis, Sequoia semper-
virens , Metasequoia glyptostroboides and some Nothofagus spp., and this is one
factor restricting their use in arboriculture and forestry.
Differences in flowering among provenances and individual trees can cause
problems, even where seed supplies are plentiful. For instance, provenances
of  Pinus conwna from south and central interior British Columbia, which are
of special interest in the UK, produce heavy seed crops in Britain less regularly
than some other less desirable provenances. In general, the progcnies of
individual forest trees with inherently profuse pollen and ovule production
will tend to predominate in seed collected from plantations and seed orchards,
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so that special steps may be needed to av6id an inadvertent tendency to select
profusely flowering trees.
Indeed, without reliable flower induction it is quite difficult to start reaping
the benefits of genetic selection of forest trees through seed. Identifying
desirable parents is relatively inefficient because it is phenotypically based,
and the trees are already too large for easy handling. Even when they have
been vegetatively propagated as adult clones, and established at a single site,
several years may pass before flowering begins. Variability in the occurrence,
timing and sex of flowers adds to the problems, and the flowers become
progressively more inaccessible. Because of the long juvenile period, a succes-
sion of crosses in a planned breeding programme is out of the question. Not
surprisingly, therefore, a high priority has been assigned over the last few
decades to the solution of problems concerning flowering.
Progress to date has been slow, but two promising developments may be
mentioned, both of which allow substantial miniaturization and standardi-
zation of research plant material. First, by using standard horticultural tech-
niques for rooting cuttings, clones can easily be produced of many forest tree
species, at least from young trees. Attention can then be concentrated on
species and selected clones which flower regularly and early in life. Second,
in the Cupressaceae, the initiation of large numbers of male and female cones
can be reliably stimulated with gibberellic acid (GA3) in known positions on
the shoots. These two approaches enable forest tree research itself to be
'domesticated', such that the physiology of flowering can now be studied
experimentally with known genotypes under defined conditions (Longman
1982; Manurung 1982).
The key steps in floral induction are the initial stages during which an apex
is transformed from a vegetative to a reproductive state: once initiation can
be obtained at will, later development can be studied relatively easily. Ross
and Pharis (this volume) have reviewed the factors affecting flower induction
in forest trees. In this paper, I shall review the changes in flowering ability
that occur with age, variation in the distribution, timing and sex of flowers,
variation between species and genotypes; and I shall suggest approaches to
solving problems concerning flowering.
II. CHANGES WITH AGE
The great majority of forest trees do not start flowering until they have
grown vegetatively for a number of years (Wareing 1959; Doorenbos 1965;
Zimmerman 1972, 1976), and frequent reference is made in the literature to
the presence of a juvenile period and to studies with nedera (ivy) which
changes abruptly from a juvenile to a mature leaf shape. Tables showing the
ages when reproduction usually begins have been produced for forest trees in
the UK (Matthews 1955) and USA (Schopmeyer 1974), and for some com-
monly planted tropical forest trees (Longman I984a). Various modifications
in shoot morphology, growth habit and phenology also occur as a tree becomes
older, but these are not necessarily coincident with each other or with the
onset of reproductive ability. An example is the 'grass' stage of Pinus palustris
andPinus merkusii,in which the elongation of the stem (but not of the leaves
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or roots) is inhibited for several years, starting from germination in  P. palustris
(Brown 1964). In this species, the 'grass' stage persists for much longer than
the period of months during which young seedlings produce only primary
needles, and is shorter than the time to first flowering, which averages at least
20 years (Krugman & Jenkinson 1974).
A broad distinction may be made between changes that occur with age
which can be easily reversed, and those which are relatively permanent. For
example, vigorous branches on young seedlings tend to show a progressive
decline in growth rate, and in the production of lateral buds, as the number
of competing apices increases with time. This process of  agetng (Wareing
1959) can be reversed, for instance by pruning (Moorby & Wareing 1963),
or by detaching the shoots and propagating them as rooted cuttings or grafted
scionwood. However, other characteristics which trees attain when they grow
older are quite firmly retained after vegetative propagation, suggesting that a
process of  maturation or  phase-change has taken place. Thus rejuvenation (in
its strict sense) of adult or mature tissue is rather uncommon (see, however,
Paton  et at  1981).
Evidence for ageing may be readily observed in conifers from changes in
the number, vigour and type of vegetative shoot on successively older
branches. For instance, at the tops of mature  Ptcea sitchensis grafts, and on
first-order shoots on the main branches, most or all of the terminal buds
contain preformed shoots and lateral bud primordia in winter. The total
number of buds with preformed shoots per branch increases from the one-
year-old branches at the top of the trees to the four-year-old branches below,
but below this level the number decreases because an increasing proportion
of the buds contain only a living apex and bud scales. Failure to form
preformed shoots is particularly true of third- and fourth-order shoots, which
are mostly weak and fail to produce lateral bud primordia.
Adult grafts or cuttings of forest trees may not flower for several years,
possibly because the shoot apices are close to the roots, or because time is
needed to produce the type of branches on which reproduction is possible —
the term 'secondary juvenility' has been coined to distinguish this phenomenon
from the 'primary juvenility' of young seedlings. Shoots arising near the base
of older plants, and especially coppice sprouts, are generally held to have
retained much or all of the primary juvenility of the seedling plant (Sax 1962;
Doorenbos 1965).
These concepts of ageing and maturation emphasize the difference between
plants developing 'ripeness-to-flower' (Klebs 1918), and their response to
what might be described as the 'opportunity -to-flower'. In practice, however,
it is often difficult to know when the juvenile period has ended, particularly
in irregularly flowering species. When a dominant tree flowers, and a
suppressed tree does not, both might be mature, but the latter could just be
inhibited by competition. Moreover, some fundamental contradictions appear
if the classical Hedera situation is used as a rigid model for forest trees.
One problem is that certain treatments will induce flowering during the
first three years of life in supposedly juvenile seedlings and cuttings. For
example: three sexual generations have been achieved in eight years with
Triplochiton scleroxylon grown in glasshouses in Scotland (Leakey et al. 1981),
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Economics is useful in (a) evaluating possible tree crop alternatives, (b)
selecting the best of the possible alternatives, (c) tracking performance, and
(d) assisting designers to specify criteria for, and to develop, more productive
patterns for tree crops. In this discussion, I do not dwell on these classic roles
for the forest economist, but focus instead on a broader understanding of why
research on trees as crop plants makes economic and social sense, especially
in the Third World.
My comments are organized around the following six topics:
I. the concept of a 'production function', and its usefulness in organizing
managerial information produced by research;
2. the economics of timber scarcity, and the causes of real increases in the
price of standing timber (stumpage prices);
3. the evolution toward design-orientated research to create the forests of the
future;
4, the implications of timber economics, regarding the distribution of net
benefits between this and future generations, and between rich and poor
people today;
5. the synthesis of factors affecting efficiency and the distribution of wealth
in the context of timber scarcity; and
6. the criteria suggested by these lines of reasoning that might guide the
design of future forests.
B. Topic organization
Input or time.
FIGURE 1. The economic 'pnxiuction function' is the S-shaped biological growth
function that defines the technically most efficient input-output relationship. It sepa-
rates the possible but technically inefficient (point X) from the technically impossible
(point 1').
II. TREE AND STAND PRODUCTION PROCESSES
The 19th century agronomic experiments at Rothamsted provided the econo-
mist with a conceptual linkage to biophysical reality. This was because the S-
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shaped curve between plant growth and time, and often between yield and
an input, is the form of the 'production function' which is the foundation of
production economics, and underlies much of what follows about economic
supply and macro-relationships between costs and prices (Fig. I). While as
useful empirically today as it was to the emerging agricultural science of 100
years ago, the 'production function' hides a chain of causal relationships inside
a simple predictive model. It implies that changes in input levels 'cause'
changes in output levels; explicitly it implies that the output resulting from
input manipulation by forest managers can be predicted with known levels of
precision and accuracy.
A. Disciplinary concerns
Some of the confusion in communication between economists and biologists
results from their approach towards cause and effect.
Economists, as disciplinarians, are concerned with the variety of cause and
effect relationships pertinent . to why prices for goods and services change,
why goods and services are reallocated, why the total sum of goods and
services changes, and why societies and the individuals who compose them
become richer or poorer as a consequence. Economists often assume that
biophysical relationships are stable, or they treat them as if they were exogen-
ous to the causal interactions under consideration.If research and development
are key input factors under managerial control, then it is essential to consider
the production relationships that are central to the dynamics of prices and
quantities of goods and services.
Biologists, as disciplinarians, are searching for more and more fundamental
causal relationships, although in applied biology attempts to extend the
frontiers of knowledge must be balanced against the practical goal of useful
results. Usefulness virtually always is defined in economic terms, although
hopefully not as narrowly as is common in financial analysis.
The conjunction between applied biology and applied economics is defined
by a central question: how can we improve the design of future forest stands
in terms of their economic productivity?
B. Applied research and production functions
Optimization is a mathematical term which means maximization (or minimiza-
tion) of a function subject to cofistraints. A 'production function' describes a
basic constraint on the maximization of profit or present net worth, and
research produces information which relaxes that constraint.
Managerial intensification really begins when it makes sense to control
regeneration - that is, to control the species which is grown, the spacing, level
of competition, and so forth. The basic relationships between inputs and
benefits are understood for simple forest systems. Most applied silvicultural
research is, in effect, the calibration or quantification of equations for specific
sites and needs, so that basic standards are established about what is possible.
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Once this standard is in place, two rather different research tasks are possible.
First, we can diagnose why a given stand is below the possible level (point X
in Fig. 1). Second, we can design new alternatives that enable us to raise the
production function (point Y in Fig. I).
The objective of design research is to shift the production function or growth
and yield relationships upward. Examples include (a) earlier establishment of
new growing stock after harvest , (b) spacing operations to increase stemwood
quality, (c) fertilization where early root development or mature photo-
synthetic rates arc constraints, and (d) redesign of harvest and processing
equipment to favour smaller logs and shorter rotations (Brown a al. 1982).
There is room for considerable refinement in most situations, especially when
tree improvement and genetics are part of the total strategy. Physical gains of
200-300% are possible when solid-wood cubic volumes are the objective.
Measurements of production functions and stand productivities require that
we define the product of value. The product may be fotal biomass (dry
t ha- 'yr- ), above-ground biomass (dry t ha- 'yr- ), above-ground cubic
volume to a large top diameter for solid-wood products (m3 ha- tyr- 9, fruit
or seeds for food, oil, or regeneration purposes (kg ha- 'yr- 9. These different
perceptions of production can be defined in terms of stand age and stems per
hectare (spacing) as the inputs that arc manipulated (Cannell I983a,b; Huxley,
this volume). Obviously, more and more of the total production is ignored
(made invisible) as we refine what we consider to be the valuable part of the
plant. Because it is difficult to increase total biomass production per hectare,
it is usually easier to increase the production of pans of trees and stands that
are biologically scarce (like fruits or extractives) than those that are biologically
abundant (like leaves and wood).
III.  TIMBER  SCARCITY AND PRICE
When we say that something such as trees, fruits or pleasant sylvadenviron-
ments are scarcer, we mean that it costs more to acquire or rent them than in
an earlier time. Scarcity, in other words, is a measure of change, and the
index is 'change in real price per unit'. The quality of the index depends upon
how well the markets function that determine price, and the time interval
involved. Although many markets for fuelwood, timber, various amenities
and other forest products are imperfect, over substantial time periods even
imperfect price responses give quantitative, if often imprecise, evidence of
scarcity.
A. Supply and demand
Price is the result of interactions between supply and demand. As concepts,
both supply and demand are schedules, or functions, that relate quantities to
prices in a given time period and market area. Supply is the collective term
for the quantities sellers would market at various prices, and demand is the
quantities buyers would purchase at various prices. Where both are equal, an
equilibrium exists and the market clears. Scarcity occurs whenever demand
increases, or 'shifts out', supply decreases or 'shifts back', or both (Fig. 2A).
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FIGURE 2,
A. The relationship between the price of goods or services and the quantity of those
goods or services. A decrease or 'backward shift' in supply from S, to S„ and an
increase or 'outward shift' in supply from I), to D„ lead to a price increase from
P, to P„ This price increase is a measure of the scarcity of those goods or services.
Point X is explained in the text.
B, C. An increase in price from P, to P, is equivalent to a decrease in income from
12 10 II, which leads to reduced consumption from C, to C,. The relationship
between income and consumption, for most goods and services, has a phase
of increasing rates of consumption per increment of income, followed by
decreasing rates, and finally a decline in total consumption.
Demand for timber comes from its various end uses such as fuel, pulp,
plywood or lumber. The markets for most of these products have 'demand
functions' that are quite inelastic; that is, a major price change does not have
much effect on the quantity purchased. This is so either because the product
is essential (eg as fuel for cooking) or because it forms a minor part of the
total consumer cost (eg lumber in a new house). Shifts in demand occur with
changes in population size and composition, discretionary income, availability
of mongage funds, and so forth. With some exceptions, the inelastic demands
for timber-based products are translated into even more inelastic demands for
standing timber.
The supply of timber, in most cases, can vary over a broad range with little
change in price. The price rises as access costs are incurred, which has been
an important factor in the supply of timber from mountainous areas of North
America. At some point (X in Fig. 2A), the capacity to harvest and supply
more timber from a given forest begins to have a negative impact on its future
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growth. At this point, a balancing act begins between today and tomorrow,
based on rational expectations (Berck 1979; Lyon & Sedjo 1983). Expectations
about the future, with regard to increased value resulting from biological
growth, quality changes and price changes, are balanced against the perfect
certainty of today's values (Bentley  et al.  1985). Individuals, and collectively
the market, attempt to earn the real rate of interest, plus an appropriate 'risk
premium' (Sharpe 1981). To do so, thay must anticipate shifts in demand,
and shifts in supply, especially those resulting from a decrease in the amount
of standing timber.
Asstiming that the market period is one year (over which biological growth
and consequent quality changes are not of major importance), the current
supply of timber inventory to the market is the reciprocal of current demand
for future inventory (Bentley  et al.  1985). An equilibrium between supply of,
and deinarid for, inventory is achieved when the rate of value increase is equal
to the real rate of interest (about 3%)plus the premium for accepting both
biological and market risks, which appears to be 2-5% for timber investments
in commercial species. The argument is not that such a market works perfectly,
especially as judged after the fact, but rather that there is an understandable
and predictable process that rations timber inventories into the marketplace.
Worldwide; timber has been getting scarcer. Berck (1979) estimated that
Pseudotsuga menziesii  timber prices were rising at 5% per year; Bentley  et al.
(1985) found that Connecticut  Quercus rubra  prices for standing timber have
increased since 1972 at 8.6% per year; and Bentley (1985) estimated that the
general timber prices in India have been rising at 5.8% per year for over a
decade. Other investigations of natural resource prices have identified timber
to be among the few resources where scarcity is an issue (eg Barnett & Morse
1963; Smith 1979; Skog & Risbrandt 1982). Although the phenomenon "of
timber scarcity has not been fully explained, prices are rising to yield a rate
of growth in investment of 5-9% per year in real terms (after subtracting the
effects of inflation). There have been occasional short-term rates of increase
that are considerably higher as species enter newmarkets - for example,
Tsuga heterophylla  and  Populus tremuloides after World War II,  Q. ntbra  in
Connecticut over the past decade, and many tropical hardwood species today.
Owners of young, rapidly growing timber stands also benefit from biological
growth and increases in bole sizes and wood quality with age. Real rates of
return of 10%, to occasionally even 20%, are possible for new investors in
timber, if they take advantage of current knowledge and the latest methods
for plantation management. At the market level, we can envisage a 'net
inventory adjustment' between the increment in growth and the amount
harvested. Harvest of inventory, with subsequent reinvestment in protection,
regeneration and other inputs, eventually leads to a balancing between growth
and removal. At this balance point, there are no changes in the amount of
standing timber, so that this factor cannot cause the supply of timber in the
current market to decrease. In that case, the price can rise only if demand
B. Scarcity
534 W. R. Bentley
increases. But when the amount of standing timber increases (ie when growth
exceeds removals), then prices will fall, unless demand is increasing faster
than supply.
IV. EVOLUTION TOWARDS FOREST DESIGN
Several implications can be drawn from our understanding of timber scarcity
that are important in the design of future forests. One is a reinterpretation of
the history of forest harvesting and reinvestment. To illustrate these points,
I shall consider the Indian subcontinent and North America, which have
experienced similar histories of forest exploitation in general terms. Originally,
what is now India, Pakistan and Bangladesh was 80% or more forested
(Warner 1982). The original percentage forest over North America as a whole
was much less than 80%, but there were many regions with 75% or more
forest Diver(Dana & Fairfax 1980). Starting over 3,000 years ago on the
Indian subcontinent, and 350 years ago in North America, forests were
deliberately cleared to provide land for cultivated food crops. More or less
simultaneously, trees were harvested for construction materials, fuelwood and
other purposes. No particular plan guided what was cleared pr harvested, or
for what purpose. Both land and timber were abundant, and the costs of
cultivatable land, fuelwood and construction materials were essentially the
costs of the labour required to obtain them.
A. Depletion and, conservation
Serious overcutting of forests began in both regions about 1860, usually
accompanied by fire, grazing and other ecological factors that retard regener-
ation and reduce total biomass productivity. Such practices are often described
as forest exploitation. However, Ciriacy-Wantrup (1952) defined the shift of
use-rates toward the present as ` depletion' and the shift of use-rates toward
the future as ` conservation'. When accompanied by explicit objectives, and
active reinvestment, both conservation and depletion become resource man-
agement. A critical question is why do these shifts occur?
Forests are overcut, in the sense that removal rates exceed timber growth,
for four reasons (Bentley et al. 1985). First, overcutting occurs when capital
and raw materials are scarce, and when they can be obtained by cutting timber
which is abundant (eg in past times). Second, overcutting occurs when a
forest is mature and its growth rate is virtually zero, so that the only way to
increase growth is to harvest some of the old trees and to replace them
with new ones. Third, overcutting occurs when interest rates, which guide
investment and liquidation rates, exceed the rate of increase in value of the
forests; as a result, the inventory is decreased by cutting older trees, thereby
increasing the value growth rate of the remaining forest. Fourth, overcutting
occurs when this can make forest assets more 'efficient', in the sense that a
given annual growth can be obtained from less standing timber capital or
more annual growth can be obtained from the current forest capital. Points
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one to four are roughly a historical sequence, with forest design becoming an
important activity after improvement in the input-output 'efficiency' of timber
assets.
B.  Forest management
The first sign of timber scarcity is a concerted effort to protect forests. Clearly,
protection makes sense only if what is protected has value, taking into account
any expectation of future price increases. About the same time, extensive
management begins. This management is most successful if it (a) imitates the
natural ecosystem, (b) is a selection, group selection, or 'patch clearcut'
system, and (c) requires little initial investment. Hibbs and Bentley (1984),
for example, established that spacing is the critical factor to manage with
Quercus rubra/mixed hardwood stands, established by natural regeneration in
southern New England. Extensive management systems, if focused on high-
quality logs, can produce competitive real rates of return with virtually no net
investment. Unfortunately, many of the early extensive management systems
observed were based on faulty ecological and economic premises. Thetonse-
quences were dramatic shifts in forest composition, often away from the most
valuable subclimax species and towards scrubs of one kind or another. This
move was especially pronounced in areas where seasonal droughts and grazing
combined to make natural regeneration of desired species a slow process, if
it occurred at all. Many vivid examples of these shifts following initial
harvesting can be observed in the American west and in the semi-arid tropics
of India.
The shift towards intensive management is stimulated by scarcity. Intensive
management was first practised• on a major scale in nations that either had
seriously depleted •their natural forests (such as Great Britain) or found
the native species difficult to utilize (such as Ausiralia and New Zealand).
Plantations were established in North America before World War II, but most
were the products of public works or soil conservation programmes, not of
real concerns about timber scarcity. In the post-War period, demand for
house-building and other construction increased the prices of lumber and
plywood, and these higher product prices were then translated into higher
timber prices. The market has reflected a steady increase in scarcity since the
early 1950s.
C. Research and forest design
It is not by chance that the 1950s was the period of rapid transition toward
intensive plantation forestry in the American south and Pacific Northwest,
with the concurrent development of forestry research groups in several indus-
trial firms. During this period, tropical forest depletion rates increased dram-
atically (Gillis 1984). European, North American and Japanese firms were
looking for new sources of raw material for conversion (to fibre board, etc),
to meet product demands, and to bridge age gaps in their local timber
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resources. And Third World nations had entered into a period where conver-
sion of natural capital into liquid assets made sense in terms of currently
conceived development strategies. Gordon and Bentley (1970) described this
shift to intensive plantation forestry as similar to the transition from a 'hunt
and gather' economy to a rational and scientifically based agriculture. It is at
this point that forest design makes sense.
V. DISTRIBUTION OF WEALTH
There are some implications regarding the distribuiion of wealth that should
not be overlooked in our understanding of this transition. Conseryation has
often been viewed as a public responsibility. In part, this view reflects the
traditional ownership of forests, water, wildlife and many other renewable
natural resources by the raj, king or modern nation state. It also represents a
response to market failures caused by (a) traditions and institutions, such as
common property rights, (b) 'spatial externalities', especially of the upstream/-
downstream variety, and (c) low to zero prices (lack of scarcity), which inhibit
efficient market function. One reason for public intervention to stop tropical
forest destruction is that it may be too late if left until scarcity is recognized
and acted upon by the market. Another reason, although seldom stated in
these terms, is that the rich want to take benefits from the poor of today and
tomorrow.
A. Distribution over time
There are many questions about the optimal balance between conservation
and depletion that have yet to be resolved, especially where markets do not
reflect critical values. The most obvious omission, of course, is that the unborn
cannot vote in the current marketplace. Nonetheless, once markets for timber
'futures' (timber to be delivered at future dates) begin to function, there will
be a process that allows actual and potential holders of timber assets to
anticipate how future markets might vote, and to act accordingly. At best,
this process will be imperfect, but it can only be judged in the light of the
alternatives. The performance of public agencies in lieu of the market does
not provide much basis, in my opinion, for optimism about administrative
non-market mechanisms for allocating between rich and poor, or between
present and future generations.
B. The poor as consumers
Foresters and tree scientists should become conscious of the issues concerning
the distribution of wealth that are inherent in the flow of forest assets and
products between rich and poor, because these issues will be relevant for
several decades. The consequences of poverty are most obvious in terms of
consumption. The relationship between income and consumption, shown in
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Figure 2C, looks a bit like the 'production function' mentioned earlier: a
phase of increasing rates of consumption per increment of income is followed
by decreasing rates, and finally a decline, in consumption.
Fuelwood provides a useful illustration. The extremely poor cannot acquire
adequate fuelwood for cooking or heating, either because their incomes are
very low, or because it takes too much time and energy to gather wood in wood-
scarce areas. Consequently, increases in real income go disproportionately to
acquiring more fuelwood. At some point, basic needs are met. Further
increases in income may be used to have more hot water or a bit more comfort
in cold weather, but these increased comforts take smaller proportions of the
increments in income. Above some level of income, families shift towards
more convenient fuels, such as bottled gas, charcoal and coal, and total
fuelwood consumption drops. This happened long ago in North America,
and the recent return to fuelwood is largely an adjustment to the rapid upward
shift in the real price of alternative energy sources. The same phenomenon
can be observed in India,where virtually all rural people use fuelwood, leaves,
crop residues and dung for cooking and heating. Even in this context, rural
families aspire to shift towards other fuels, and do so when their incomes rise
(Pendse 1984). City dwellers do so at even lower incomes because of access
to lower cost, more convenient fuels. In New Delhi, for example, the fuelwood
demand has been cut substantially by this shift to bottled gas and other
convenient fuels (Bentley 1985). Given the role that fuelwood harvesting for
urban areas plays in forest degradation, this income-driven substitution is
helpful, because it gives more time to resolve several critical forestry issues.
C. The poor as producers
The poor as consumers represent one aspect of the question concerning the
distribution of wealth. Another aspect is the poor as suppliers of labour. A
siinple, but not false, way of looking at poverty is in terms of labour scarcity,
especially when considering the plight of people at or below subsistence levels.
Just as there is a modest minimum price for timber over a wide quantity
range, so there is a modest minimum price for unskilled labour at more or
less subsistence wages. Scarcity of such labour occurs when (a) the general
economy has a high demand for both skilled and unskilled labour, (b) people
invest in their own 'human capital', upgrading their skills and moving into
better paid jobs, and (c) wages are driven up by the interaction between
increasing demands for labour and decreasing supplies of labour. If increased
demand does not cause scarcity of unskilled labour - a not uncommon problem
in western nations- a combination of minimum wage laws and various income
transfers can lift the minimum income above subsistence levels, but at the
price of higher permanent unemployment. In Third World nations, the gap
is simply too large to use such schemes; the only possible strategy is to increase
the demand for unskilled labour.
One means of increasing the demand for labour is the so-called 'supply-
side' or 'trickle down' approach. Basically, 'aggregate economic growth' in
terms of total production of goods and services is expanded more rapidly
than the population, thereby creating a labour scarcity. Although population
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growth rates have fallen drastically in India, and in many other tropical
nations, there is an enormous challenge to find enough jobs for the currently
unemployed and underemployed, and for those who will join the labour force
in the next two decades. Economic expansion alone is unlikely to bridge this
gap in most Third World countries until well into the next century (eg Krishna
1980).
One of the appeals of 'community forestry', wasteland rehabilitation and
similar schemes is that they have high labour/capital ratios, and potentially
they use massive amounts of unskilled labour. In fact, some preliminary
analyses in India suggest that labour would be a constraint, if there were
nationwide schemes for rehabilitation of commonland forests, pastures and
wastes (eg Gupta 1978). The obvious additional advantage of such schemes
is that capital assets would be produced in the form of 'tree factories' that
could be harvested, thinned and spaced, or just left to grow.
D. Institutional issues
There are several institutional and organizational problems that need to be
resolved before all the benefits of 'social forestry' and similar schemes can be
realized (Bentley 1985). Most of these centre on tenure rights for land, trees
and grass (eg Fortmann 1984), and community-based organization of credit,
technical knowledge and the like (eg Chowdhry 1982). In time, applied
research can contribute greatly to assisting the rural poor. The first step is
simply for applied scientists to recognize the poor as one of their clients (Biggs
1982; Chambers 1983).
VI. SYNTHESIS OF EFFICIENCY AND DISTRIBUTION
'Economic efficiency' issues are concerned with the impact on future timber
supplies of units of investment, and 'distribution' issues are concerned with
who receives the benefits of those supplies.
A. Price effects
The relationships between quantities of goods, prices and incomes (efficiency
and distribution) are shown in Figure 2..A supply-demand shift that leads to
a higher price (P, to P2)is the same as reducing a consumer's income (12 to
I,), other things remaining the same, because the same nominal income will
now buy less. The decrease in income is clearly a welfare loss, and it translates
into less consumption of certain goods or services (C2 to C,). In other words,
timber scarcity leads to poor people being worse off as consumers.
B. Income and employment growth
If timber scarcity leads to a major programme of tree planting, and other
silvicultural activities that are targeted to hire poor people, the opposite
Labaa Real oncorne
FIGURE 3. Effect of tree planting on incomes and consumption. An increase in tree
planting (T, to T,) requires more labour (L, to L,), which translates inm higher
incomes (I, to 1,), and more consumption of essential commodities such as fuelwood
(C, to C1).
sequence can take place (Fig. 3): more tree planting (T, to •2) means that
more labour is hired (L, to L2). and then real incomes rise (I, to 12), which
enables people to buy more fuelwood and other goods or services (C, to C2).
The longer term impact is to increase future supplies (shifting the supply
function ouiwards, S 2 10  Si in Figure 2A), so that future fuelwood prices
decline (or at least do not rise as fast), which further adds to the economic
well-being of poor people. The rise in wage rates is more substantial if labour
scarcity occurs, whether through increases in demand, or decreases in supply
because of 'human capital' development. Consequently, responses to timber
scarcity can make poor people better off, as both consumers of forest-based
products and as suppliers of labour.
C. Household economics and intrafamily distribution
Issues concerning the distribution of wealth also occur within many Third
World family or clan units, because the household unit is both producer and
consumer (eg Bennett 1983). The most striking issues to the outsider are
between women (and often children), who are responsible for non-market
activities, and men who are more concerned with cash income. These issues
may have implications for forest designs, when a village is at the subsistence
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level, or in transition to a market economy, especially with regard to energy
needs (Vidyarthi 1984). Time or energy savings are equivalent to gains in
income and economic welfare, and conversely timber scarcity is the same as
an income and welfare loss. The location of tree crops, and the species grown,
could be important in determining how the benefits are distributed within
families.
D. Asset ownership
Social mechanisms that assist poor people to plant and own trees, especially
the allocation of soine tenure rights and access to credit or subsidies, may be
even more beneficial than hiring the people for public forestry activities. If
their prefernce,for consumption, and their aversion to risk, can be dealt
with, owning and managing timber investments may provide poor people
with higher incomes than the usual minimum wages paid to them for public
tree planting. Although the evidence is scanty, there are reasons to believe
that the impact on tree planting, and the consequent beneficial changes in
incomes and consumption discussed in Section VI B, could be greater if poor
people became owners and . managers of forest assets (Bentley 1985).
VII. FUTURE FOREST DESIGN
Ilhis review of economic efficiency, and the distribution of wealth, suggests
the following nine criteria for forest design. The first four concern productivity
and efficiency, and are obvious to anyone who has been concerned with
applied research on commercial tree crop production; the other five are of
more concern if distributional issues are involved, and may conflict to some
degree with the first four.
A. Design criteria
I.  Area
Perhaps the single most important criterion for a design is the area over which
it can be applied. It is the criterion that gives tree improvement programmes
such high reliable pay-offs.
2.
 Tune
The most expensive production expense in forestry is the cost of waiting. A
real interest cost of 6% means that costs double every 12 years; current
nominal rates .of 12% double in 6 years. Planned industrial rotations of
Pseudotsuga menziesit have declined from over 100 years to 40 or 50 years
because of the cost of capital. Intensive systems of growing trees for fuelwood
and fibre over rotations of 2 to 6 years are feasible in much of the world with
warm, moist growing seasons.
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3.  Uniformity
The most critical characteristics affecting timber values are stem uniformity,
roundness, straightness and taper. These characteristics obviously increase
timber values for solid-wood products, and they also reduce handling costs
for low-value products like fuelwood.
4. Simplicity
The common characteristic of large-scale grain farmers, and of large coffee,
tea, fruit and timber plantations worldwide, is simplicity. Simplicity enables
managers to avoid the constant choices inherent in complexity, and enables
them to focus their operational planning and control.
5.  Sustainability
In its simplest form, a sustainable system never loses productivity. The
concept of sustainability is common to many agrarian cultures; forestry's
heriiage comes from Germany and central Europe (Greeley 1950). The most
obvious criteria for sustainable design concern soil stability, water percolation,
and nutrient cycling. Simple systems:which often involve single species, may
not be sustainable over extended periods in many tropical or near-tropical
conditions. Designs that are based on natural balances to control insects and
pathogens biologically are likely to be sustainable, but they also are complex.
6. Flexibility/adaptability
Markets arc sure to change, which has been the undoing of many classical
sustained-yield designs. Also, the rate at which new biological knowledge is
being applied is remarkable. Usually there are trade-offs between the high
efficiency and high-risk option of producing a well-defined tree-based product ,
and the less efficient, lower-risk option of producing multiple products: risk
rises as designs become more rigid..'Flexibility' anticipates that changes will
occur, whereas 'adaptability' reflects a positive response after change has
occurred.
7.  Subsistence needs
Poor families, especially the women and children, have food and energy needs
that are often not recognized by professional foresters and agriculturalists.
Fuelwood, leaves, fodder and similar goods do not pass through formal
markets in isolated villages. Traditionally, these goods have been free, except
for the energy women and children have expended on gathering them. During
the transition from subsistence to market cconomic conditions, desirable
design criteria may include (a) those that favour a reduction in the effort
needed to gather forest-based non-market goods, and (b) those that favour
some effort in growing species that aid subsistence, like  Prosopis spp., rather
than those that yield products with a cash value, such as Eucalyptus spp.
8.  Initial investment
For obvious reasons, the poor cannot afford to make high 'front end' in-
vestments in agroforestry or forestry. While subsidies, or better access to rural
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credit, would encourage poor families to use land for social or community
forestry, poor people generally prefer to trade their labour (including the
farmer as a manager) for capital. By contrast, most corporations favour trading
capital for labour, at least up to the point where expected wages equal the
expected 'marginal value product' of the labour. One probable reason why
poor and corporate forest farmers see this choice differently is that poor
farm and family enterprises pay their household members lower wages than
corporations pav their employees (eg Galbraith 1979). Consequently, poor
families benefit ffom working for corporations, and corporations benefit from
hiring labour from poor farming families.
9.
 Risk
Another substantial difference between poor marginal farmers and corpora-
tions (and.probably large public forestry agencies) is the nature of the risks
that they attempt to minimize. The modern technically based corporation
wants predictable cash flows and profitS, which it attempts to achieve by
substituting capital for labour, and bV planning and quality control. By
contrast, subsistence farmerS have, naturally, an aversion to risks that could
bring their food supplies below survival levels.
B. Social science research
Most of this meeting on 'Trees as crop plants' is concerned with improved
applied biological research, but I would like to make a plea for concomitant
applied work in the social sciences. My illustrations reflect mainly my own
interests in economic issues, but many of the problems discussed cannot be
resolved without considerable information on applied anthropology, social
psychology and other behavioural sciences. Equity and social justice are values
to which many of us subscribe, but the actual needs and responses of the poor
are factual matters that should be studied with the same objectivity that we
apply to themore affluent consumers and producers in the western economies.
This requires more applied social science.
IX. CONCLUSIONS
The effective design of future forests requires.that biological and social sciences
be integrated and 'focused on the needs. Of particular 'client groups'. This
integration serves two purposes; it shifts our attention to new opportunities
where research is not in progress, and it helps us to avoid efforts in areas
where results are not possible. 'Client groups' are defined as people and
organizations that have similar problems. The client focus is a device to assist
us in allocating resources to applied research. Applied research, like virtually
all other rational activities, is more effective if focused on a few, rather than
many, goals, and progress toward those goals is measured over time by results.
In the Third World, we need to consider the distribution of wealth when
defining the 'client groups', for both operational and ethical reasons. Many
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of the current development activities by national and donor organizations
recognizethat the poorer half of rural societies will not share in economic
progress unless programmes are targeted on them. This is the basis for many
of the social or community forestry programmes, and some of the applied
forestry research programmes in tropical nations, especially those concerned
with agroforestry. The underlying issues are ones of equity and social justice.
The poor as consumers are more adversely affected by scarcity than are the
rich, but they can benefit from activities to alleviate forest resource scarcity
as both consumers and as producers of forest-based incomc and wealth.
The design criteria that emerge from this discussion are orientated towards
productivity and efficiency, in the general sense of attempting to maximize
the impact on future timber supplies per cost-unit invested. I lowever, some
criteria have implications regarding the distribution of wealth. These involve
explicit recognition of the distribution of resources between today's and
tomorrow's generations (ie sustainability), between the poor and rich of today
(eg fuelwood and fodder vs timber), and between the risks that concern the
poor (especially food security) and those that concern the rich (stability and
predictability of cash flows).
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I. INTRODUCTION
In the developed countries, the demands for, and uses of, wood have changed
greatly over the last 150 years. The industrial revolution of the 19th century
was accompanied by a marked decrease.in the use of wood for fuel, and a
marked increase in its use in construction and transport, and in the making
of furniture, pallets and packaging. Concurrently, improveinents in the tech-
nologies of pulping and paper-making, combined with increased literacy,
resulted in increased demand for wood to make paper of all kinds.
The present century has seen the birth of a non-wood materials revolution,
fuelled by cheap energy. Light-weight metals and plastics can be manufactured
to defined engineering and design specifications, and this has inevitably
changed the overall uses of wood. Only paper and board products have so far
remained relatively immune from such competition.
Despite these changes, the world demand for industrial wood has continued
to rise, so that present demand - some 1,000 million t yr ' - is equivalent on
a weight basis to the annual world production of iron and steel.
II. CHARACTERISTICS OF WOOD
In order to understand current and future developments in the uses of, and
demand for, wood, it is useful first to remind ourselves of its major properties
* New address: Price and Pierce (Technical Services) Ltd, 5I Aldwych, London WC2B 4AZ,
England.
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that are valued by man (Dinwoodie 1981). The following ten properties
deserve special mention.
I. Wood is a fibrous material. The prosenchymatous nature of the cell,
the physical architecture of the secondary cell wall, and the longitudinal
alignment of most of the cells combine to make wood an efficient load-bearing
material.
2. Wood is a complex chemical material. Although it is characterized by
a relatively small number of chemical constituents (45-50% cellulose, 20-25%
hemicellulose, 25-30% lignin), it is infiltrated by many so-called extraneous
compounds. These compounds add to the variety of colour in grain configura-
tions, they feature prominently in the differentiation between sapwood and
heartwood; and, in some species, theyhave a pronounced effect on wood
properties and uses.
3. Sawnwood is a versatile product; that is, it has adequate properties for
many uses. This is particularly true when we consider the differences between
species, and the ways in which sawnwood properties can be modified by
technologies such as drying and preservation.
4. Wood in the comminuted (chipped or pulped) and restructured form
(chipboard, etc) can provide a wide range of properties. The flexible nature
of the material enables products to be manufactured from fibres, particles,
or thin sheets which enhance its performance or value. Wood-based sheet
materials, plywood, particle-board and fibre-building-board are examples Of
such products manufactured to specific design and strength criteria.
5. Wood is anisotropic1, and the difference in wood properties along and
across the grain enables some economies to be made in structural design.
Alternatively, if anisotropy is considered to be a disadvantage, wood-based
sheet materials of an almost isotroPic character can be made".
6. Wood is hygroscopic, because it contains many hydroxyl groups. That
is, it absorbs water from an atmosphere wetter than itself, and loses water to
an atmosphere drier than itself. This characteristic results in shrinkage or
swelling, some lOss in dimensional stability, and changes in strength proper-
ties. When the hydroxyl groups of freely suspended fibres come within 0-3*nm
of each other, a hydrogen bond is formed between them, causing the fibres
to cohere without the aid of .external adhesives. This cohesive mechanism is
the basis of Paper production from wood pulp, and distinguishes paper from
other sheet materials which owe.their integrity to mechanical entanglement
or to.an adhesive.
7. Wood is combustible, which is clearly a disadvantige when it is used
in construction. However, wood retains KS strength better than most building
materials with increase in temperature.
8. Wood is a variable produCt, not only between species, but also within
them, and within individual trees. The understanding of variation in macro-
features, such as colour, grain deviation and knots, and in micro-features,
such as fibre dimensions and Al-xxi density, and their influence on wood
processing and the performance of wood products, is a major part of the
Wood Science discipline.
9. Wood is renewable. In an era much concerned with the depletiOn of
With predetermined axes, so that it is influenced in some directions more than others.
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the world's resources, the renewable nature of wood as an industrial and
energy raw material has increasing appeal.
10. Wood is aesthetically pleasing. Differences in colour, grain and
texture, exposed by judicious choice of cutting pattern and direction, give
beauty, warmth and considerable added value to solid wood products.
III. WOOD AS A STRUCTURAL MATERIAL
The attributes of wood that favour its use as a structural, load-bearing material,
and in the mechanical industries, are its toughness, stiffness, tensile strength,
its good thermal-insulation properties, its ease-of-working using simple, low
energy-consuming tools, and its high strength/weight ratio. Also, wood is
readily available, renewable and relatively cheap.
The attributes of wood, as a structural material, that are clearly undesirable
are its variability, hygroscopicity, anisotropy, biodeterioration and combusti-
bility. However, the forest products industries have developed a number of
technologies to lessen or overcome these disadvantages (see Table 1).
TABLE I. Measures and techniques that have been used to overcome some of the less
desirable attributes of wood as a structural material
Undesirable attributes Improvement techniques
Variability Grading of wixxl by machine; removal of defects
by finger-jointing; reduction of the effects of
variability by lamination; reduction of genetical
variation by selection and breeding.
Hygroscopicity Controlled kiln drying; dimensional stabiliza-
tion by plastic impregnation; improved coating
for timber.
Anisotropy Production of nearly isotropic board materials.
Biodeterioration Impregnation of wood with preservatives.
Combust ibility Impregnation with fire retardants.
IV. WOOD AS A PULP AND PAPER FURNISH
Wood owes its commanding position as the most important raw material for
paper-making to the following attributes: (a) it is cellular; (b) non-fibrous
constituents such as pith and ray cells can be easily removed; (c) its 'colour'
can be removed (and its 'brightness' improved) without too great a loss in
'strength', (d) the cellulose cell wall can be modified to give a variety of
furnishes to make a range of paper grades; (e) a relatively large quantity of
paper is yielded per unit of wood pulp compared with other cellulose fibres;
and, as before, (f) wood is readily available and relatively cheap.
Both coniferous and broadleaved woods are used in the manufacture of
paper products. Coniferous fibres are long and strong, and are used to give
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good mechanical properties to the sheets. Broad leaved fibres are smaller and
fatter, and contribute to the opacity, thickness and smoothness of the sheets.
Secondary additives are used in paper production, such as (a) bright china
clay, to improve opacity, brightness and surface smoothness, and (b) waxes,
to resist water penetration. Other additives are used to improve optical,
mechanical, electrical and chemical properties.
TABLE Il, The energy requirements per unit product in the four major forest product
industries, and the equivalent amount of fuelwood needed to supply that energy'
V. WOOD AS AN  ENERGY SOURCE
li is assumed that wood has a calorific value of 18,200 MJ Source: Fung (1982).
Wood has a calorific value of about 18,200 MJ t ', and it is the most important
source of energy in the developing countries. Since the 1974 oil crisis, there
has been growing interest in the use of wood as a fuel in the developed
countries, including the production of 'energy plantations' (Ramsay Smith
1982). In the USA, it has been estimated that a coniferous plantation of
96,000 ha yielding 13 m3 ha- ' yr ' could sustain a 400 megawatt power station
(Szego & Kemp 1973). Elsewhere, attention has been focused on short-rotation
coppicing (Ramsay Smith 1982), or on combining fuelwood production with
industrial-wood production. Recent work in the UK has shown that broadlea-
ved 'coppice with standards' with a yield class (maximum mean annual
increment) of 8 m3 ha- ' yr -I, and a coppice rotation of 15 years, will yield
800 m3 ha-1yr over a 45-50 year rotation, 725 m3 of which can be fuclwood.
It is beyond the scope of this paper to discuss the potential for fuelwood
production in the developed world, except to state that (a) its current import-
ance is probably under-rated, because of the unreliability of statistical informa-
tion, (b) the production of structural wood and wood fibre is often likely to
take priority over fuelwood production; and (c) energy plantations must
compete for land with agriculture, water catchment, recreation and conserva-
tion.
The most attractive benefits accrue to wood as an energy source within
the forest industries themselves. Of the various forest product industries,
sawmilling uses the least energy, in the form of electricity and heat, to produce
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a unit of product (Table II) and this industry also produces the largest
proportion of residues. Estimates, based on large sawmills producing 75,000
m3yr- I, indicate that self-sufficiency in energy would be attained by burning
45-50% of the wood residue. The plywood industry could also become almost
self-sufficient, but the wood-based sheet materials industries, notably those
producing particle-board and fibre-building-board, use wood residue as their
furnish, and so have a negligible amount of wood waste. The pulp and paper
industry is the largest energy user per unit of product (Table II); some of that
energy can be provided by burning spent pulping liquor, bark and chipper
waste, but additional power has to be bought.
Wood can also be converted to methanol or ethanol. Since the 1974 oil
crisis, interest has revived in the production of ethanol as a motor fuel, notably
as 'gasohol', consisting of a mixture of gasolene with up to 25% ethanol. Use
of this fuel mix is mandatory in Brazil, and it is available in the USA, although
at present the main source of ethanol is sugar and starch crops rather than
wood. Lignocellulosic materials require delignification by acid hydrolysis to
release the fermentable sugars (Tomaselli 1982).
VI. WOOD AS A SOURCE OF CHEMICALS
In addition to alcohols, there are other industrial chemicals which might
be derived from trees in the future. Numerous opportunities exist for the
production of simple, or discrete, chemical products from wood and/or foliage,
such as cattle feed, cosmetics, pharmaceuticals, and products from spent
pulping liquors and from ethanol. However, single-product industrial plants
rarely operate profitably without the shelter of a protected market. Notable
success has been achieved in the use of bark as a source of phenol (derived
from tannin) in the formulation of phenol-formaldehyde resin adhesives,
which form the cornerstone of the exterior-grade wood-based sheet materials
industry. But, elsewhere, considerable research is needed to develop a com-
mercially viable wood-based chemicals industry.
The problems are three-fold. First, low-cost raw materials are required,
which means very low prices for the grower, bearing in mind the difficulties
of harvesting woody biomass and the high cost of transporting a material with
such a low weight/volume ratio. Or, alternatively, the industry would have
to be based on residue supplies. Second, the present capital cost of the
manufacturing plant required to convert wood to chemical units is twice that
required to convert coal to comparable units, and three times that required
by petrochemical facilities of comparable capacity. Third, the energy cost of
breaking down the complex molecular structure of wood into simple struc-
tures, and then rebuilding those structures into monomers and polymers, is
very high. Wood is therefore unlikely to provide a generous chemical feed-
stock, except in those countries with profligate wood supplies and a high
technological threshold.
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TABLE Ill, Estimated consumption of (or demand for)' wood products in the devel-
oped world from 1975 to 2025. Values arc given in roundwood raw material equivalents
(RRE)x 106, recognizing that the paper and board sector will utilize industrial wood
residues
1 Based on low population groth low gross domestic production and low income elasticity
of demand.
S011ree: Forestry Commission (1977)
VII. FUTURE REQUIREMENTS FOR WOOD
PRODUCTS
Sawn timber is by far the most valuable wood product per tonne, but at
present it represents only.about 64% of the wood used by industries in the
developed world. The remainder is first taken apart and then reconstituted in
the form of sheet materials, paper or boards (Table-III). Between now and
the year 2025, the UK Forestry Commission forecasts that, in the developed
world, there will be only a small increase in demand for sawnwood timber,
representing a falling percentage of the total wood demand (Table Ill). In
fact, with. increasing population, per capita consumption of sawnwood will
fall. By contrast, there will be a marked increase in the use of wood-based
sheet materials (13-30%, Table III), largely owing to the effect of new
technologies. To illustrate the importance of these technologies, Table IV lists
just some of the new particle-board products introduced on to the UK market
over the past 22 years.
Developments have also occurred in the manufacture of plywood products,
such as the use of a- honeycomb plastic/metal/carbon-fibre core for certain
types of panels, and the manufacture of thick laminarrveneer constructions to
standard lumber sizes but with 5-15% enhanced mechanical properties. It is
expected that such products will increasingly replace solid wood products in
construction, furniture and transport.
Pulp and paper demand is also anticipated to rise dramatically, largely
because of greater diversification. The recent success of industrial and reinfor-
ced 'structural' papers is an example of a technological advance that has met
a highly specific requirement. However, there is a threat to the market in the
advances in electronic data transfer. Where instant communication is vital,
such as in financial markets and international travel, there is now almost
exclusive reliance on electronic data transfer, with decreased paper consump-
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TABLE IV. New particle-board products introduced on to the UK market between
1960 and 1982. Particle-board is defined as comminuted (finely divided) particles,
pressed together using urea-formaldehyde rcsin adhesives
1960 Multi layered board with surface properties capable of taking decorative
plastic laminates, used for low-cost kitchen furniture and fitments.
1963 High density (>750kg m-3) flooring grade particle-board.
1966 Prefelted bitumen-faced boards; used for roofing.
1969 Graded-density-board, with-a single layer, fine surface texture and
gravure-printable surface, used for low-cost furniture items.
1970 Low-pressure laminated board, melamine-laminated for kitchen
fitments and worktops: - •
1971 Exterior grade boards, phenol-formaldehyde bonded, used for exterior
cladding, signboards, kitchen and bathroom floors and fitments.
1973 Ultra-thin (2-4mm) 'mende' board, used for low-cost furniture fram-
ing and drawer sides.
1977 Cement-bonded exterior board, protected from biodeterioration and
fire-proofed, used for exterior cladding.
1980 Orientated structural board (OSB), used as load-bearing members in
frame constructions.
1981 Medium-density fibre-board (MDIO, that is dry formed fibre-board,
bonded and felted to 19mm thickness, which can be machined,
moulded and laminated, used to make quality furniture.
1982 Wafer board, that is large wood flakes bonded with phenol-formal-
dehyde to exterior-grade specifications, used to make 'concrete' shut-
tering, exterior cladding and used in construction.
tion. However, to date, microchip technology and television have not de-
creased the demand for printing and writing papers. There is no evidence to
suggest that this pattern will change, but the potential for change is present.
Considering a mature coniferous tree plantation in the southern pine region
of the USA, Kulp (1982) considered that the future scenario for the utilization
of woody biomass, to achieve the greatest value, would be as follows: 27% to
high-value solid wood products (the buttlog and second sawlog); 38% to wood
chips (the lighter core-wood and crown-wood 'chips goirig to make sheet
materials and mechanical pulp, the heavier chips from sawmill residues going
to make chemical pulp); and 35% to provide energy to power the processing
system, including bark, small branches and stumps.
Speculating on future needs, one can define two possible scenarios. In the
first, the highest value per tonne of wood would continue to come from
solid wood products. In this case,forest management decisions which affect
variation in bolesize, treeform and branching within the stand would increase
in importance, and research interests would be centred on the value and grade
of sawnwood out-turn rather than on volume production ha- tyr- i alone(Fenton 1971, 1972). Also, the processing sector would concentrate on maxi-
mum value and volume recoVery from the sawlog, and little product innovation
would be expected.
In the second scenario, the influence of the processengineer would domi-
nate, through the manipulation of fibres, fibre bundles, and mechanically
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produced particles and flakes. Here, the technical performance of the end
product would be improved, by novel applications of adhesives, water repel-
lents and surface finishes, some of which would probably be derived from
wood itself. The forest researcher's attention would be directed more towards
uniformity of the raw material (wood fibres), the physiology of cambial
activity, and biomass production. Despite the abundant literature on the
variation of wood properties within and between trees, little is known about
the physiological parameters which govern wood properties (Brazier 1977).
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DISCUSSION OF TREES AS CROP PLANTS
Edited by M. G. R. Cannell
The papers published in this book were discussed on the final half-day of the conference
in five discussion groups. The five subjects chosen for discussion were tree breeding,
flowering, roots and microbiology, stand design, and light interception. This choice
partly reflected the grouping of subjects within the conference, and partly reflected
the concerns of the participants. Thc task given to each group was to highlight the
main issues, the main points of contention, and the priorities for future research.
The following reports were drafted by the group chairmen, circulated for comment
to contributing members of each group, and then edited to reflect the balance of views
within each group. They do, therefore, form a valuable statement of current thinking
in tree crop biology.
It is noteworthy that (a) considerable attention was given, by many contributors, to
the concept of an idcotype, (b) there was perhaps less attention given to photosynthesis
per  se than to light interception and carbon partitioning, (c) as much attention was
given to root functioning and microbiology as to shoot structure, and (d) biological
issues were extended to the socio-economics of stand design and agroforestry. There
were also many instances where ideas were exchanged between foresters and horticultu-
rists - concerning, for instance, the roles of gibberellins and rootstocks in flowering,
models of light interception, the use of clones and dominant gene inheritance in tree
breeding, the importance of carbon partitioning to roots, and the roles of root
symbionts. However, the meeting inevitably highlighted differences in perspective of
people with different research backgrounds and experience; the organizers will be
rewarded if these differences are now better understood and the discussion continues.
TREE BREEDING
F. C. Franklin (Chairman), N. W. Simmonds, F. E. Bridgwater, M. R. Rutter,
P. M. A. •igerstedt, K. G. Eldridge, F. H. Alston, R. Timmis, C. G. Williams,
G. K. Elliott, H. Y. Yeang.
The largest genetic gains in forestry to date have been the result of species and
provenance selection, although these gains are often taken for 'granted or overlooked
entirely. Line breeding (ie population improvement, not inbred line breeding) within
adapted provenances has just begun in terms of generations of artificial selection.
Nevertheless, there are examples, in various parts of the world, of the application of
technology in the production of forest trees, such as mass propagation by rooting
cuttings, M vitro screening for disease resistance, and the selection and propagation of
highly effective mycorrhizas and nitrogen-fixing bacteria for use in forest stands. In
addition, the potential of the many genetic manipulation techniques now becoming
available should be investigated.
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Clonal propagation, as practised on fruit trees, was seen as an excellent way to take
advantage of genetic gains in forestry, but line breeding must also be done to advance
genetically the base population, and to provide new and better material for cloning or
other methods of propagation. An important principle underlying line breeding is to
maintain a wide genetic basc to provide for genetic advancement as new technology
provides new methods of mass propagation, new management and harvesting systems,
new processes and uses for wood and other forest products. In general, uniformity
was seen as the most important wood property, considering wood as a basic raw
material. Uniformity from tree to tree enhances the efficiency of management, harvest-
ing and processing, and uniformity within the tree contributes to processing efficiency
and a high net yield of product. It is unrealistic for tree breeders to expect silviculturists
or wood technologists to specify the types of trees to be managed and harvested 25 to
75 years from now. Therefore, line breeding for the long term must be directed toward
traits of universal value - such as high productivity, uniformity, disease and insect
resistance. Some forest tree breeders held the view that it would be the breeder who
would specify the silvicultural, harvesting and processing requirements, by the lines
which they released for use - the historyof forest utilization seemed to bear witness
to this trend. Others argued that the brceder must be responsive to silvicultural and
market needs.
There was a consensus that research on tree physiology and growth modelling Would
benefit applied tree breeding programmes. Some group members felt that growth
modelling research could provide inputs to Current and future tree breeding and testing
programmes. Others (a majority of tree breeders) felt that such research would be
most beneficial if first done retrospectively, that is if efforts were made to determine
the physiological basis of gains already made, rather than to model all the elements Of
tree growth. It was suggested that genetically defined material should always be used
in such research.
The discussion group listed several high-priority topics, relevant to tree breeding,
which related directly to tree physiology. These were: (a) the role of light, water and
nutrients in competitive interactions between individuals and between families; (b)
the lengths of growing periods (diurnal and annual); (c) Oure (family or clonal) versus
mixed planting strategies; (d) effects of ageing on propagation, flowering and wood
quality; (e) pest and pathogen resistance; (f ) wood formation; and (g) roots and their
associated fungi and bacteria.
There was a general conscnsus 'that forestry' research in general is underfunded in
relation to the rate of progress that could be achieved. Scarce resources are best used
when geneticists and physiologists do joint studies, sharing the use of genetically
identified plant material, data, and facilities. Such collaboration would also promote
better understanding between these two branches of forest science.
FLOWERING
M. P. Coutts (Chairman), E. P. Bachelard, C. Couper, J. Dick, A. M. Fletcher,
M. (Jiertych, V. Koski, R. M. Lanner, K. A. Longman, J. J. Philipson, S. 1), Ross,
D. T. Seal.
Most of the discussion centred on coniferous forest species, in part reflecting the
general interest of members of the group, but also because broadleaved trees have
been less intensively investigated with respect to flowering and its control. It was
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stressed that research on ffowering in conifers has been of a largely empirical nature,
conducted mainly by applied research institutes, in response to the need to advance
tree breeding programmes more rapidly, and to ensure an adequate supply of improved
seed for reafforestation. This approach has led to the development of various tech-
niques, such as girdling, water stress, root pruning and the application of nitrogen
fertilizers and growth regulators (especially gibberellins), that can be used alone and
in combination to promote flowering in many conifers.
However, the empirical approach has yielded little understanding about how the
different treatments work, or about the flowering process at a basic level. Members of
the group agreed that this basic knowledge is essential if we are to be able to control
flowering efficiently and reliably. However, the group could not agree on the best
strategy for future research. Some believed that future research should involve model-
ling, based on detailed observations on physiology and ecology. Others felt that the
way forward lay with experimental work in controlled conditions, including whole-
plant physiology and biochemistry, and recognized the need for detailed work on
morphology and anatomy.
Several areas were identified where further research is especially warranted. One
concerned juvenility, and whether conifers undergo a true phase change involving
activation/repression of genes controlling flowering, or if the so-called juvenile condi-
tion exists, because the rapid vegetative growth during this developmental phase
results in essential nutrients and hormones being limiting for reproductive processes.
Evidence can be found which supports both hypotheses. The control of sex ratios was
considered another important research topic with practical applications for pollen
management and hybridization work. Depending on the species, the position of buds
(within a branch, and within the crown), and the timing of treatments, photoperiod
and growth regulators (especially auxins) can all influence to some degree the ratio of
male to female cones produced, but mechanisms involved are poorly understood. The
prospects of being able to synchronize flowering times to produce hybrids in seed
orchards were also discussed, but it was thought that, in view of the difficulties, it was
not a very tractable problem, and alternative approaches, such as the use of pollen
collected in previOus years, were more worthwhile.
There was much interest and discussion on the specific role, if any, of roots on
flowering in conifers. One view expressed was that actively growing roots may
export substances inhibitory to concbud differentiation, because many of the cultural
treatments (drought, girdling, root pruning) which promote flowering share in common
an ability to retard the growth of roots. However, it was noted that none of the
substances that roots might be expected to export are known to be inhibitory to
flowering in coniferi. Furthermore, it appears that the treatments in question invariably
also retard shoot elongation and, therefore, may result in an increased availability of
essential hormones and nutrients for reproductive development. Several members of
the group mentioned that they were working on this problem, but they had no definite
results to report.
Related to the role of roots was the possibility of developing specific rootstocks, as
in horticulture, both to enhance flowering and to control tree size in conifer seed
orchards. Further investigations are required on the use of iootstocks, both to cnhance
flowering, and as an approach to a better understanding of the role of roots in the
flowering process.
The hormonal control of flowering was another topic of great interest to members
of the group, several of whom were directly involved in this area of research. Although
exogenous applications of certain gibberellins (GAs), most notably a mixture of GA,
and GA,, effectively promote flowering in many members of the Pinaceae, questions
remain about the endogenous role of gibberellins in flowering, and this arca requires
further investigation. It was concluded that, despite the apparent importance of GAs,
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it is highly unlikely that flowering is under the control of a single stimulus. Rather, it
appears that conebud initiation and differentiation in conifers involve a continuum of
Interacting processes - including different growth regulators, carbohydrates and
products of nitrogen metabolism - that occur over a relatively long period. Any one,
or several, of these processes could bccome limiting, thus preventing the initiation,
differentiation or development of conebuds. As physiologists, our object should bc to
obtain a basic understanding of these interacting processes sufficient to allow their
control in a cost-efficient manner.
ROOTS AND MICROBIOLOGY
D. ( F. Fayle (Chairman), G. 1). Bowen, J. G. Torrey, T. T. Kozlowski, T. O.
Perry, J. Wilson, L. J. Sheppard, R. Lines, J. I). Deans.
The conference increased the awareness among participants of the importance of root
systems and their environment. Roots were discussed in about three-quarters of the
presentations, and mycorrhizas were mentioned by one-fifth of the speakers.
The main topics touched on in discussion were assimilate partitioning to roots, root
function and activity, competition, allelopathy, genetics and tissue culture.
Tree and stand growth modelling is constrained by inadequate knowledge about the
roots. Estimates of the proportion of photosynthates partitioned to roots range from
about 20% to 60%; site factors probably play a major role, but the data are meagre.
Even less is known about partitioning within the root systems, between cambial growth
and elongation:What is the relative importance, functionally, of one gramme of dry
matter in one part of the root system as against another?
Inferences made by some speakers, about the above-ground yield of plantations of
narrow- vs wide-crowned trees, may well have to be modified when account is taken
of root dynamics and below-ground competition. These root aspects need to be stUdied
in single and mixed spccies plantations, and in mixed cropping systems.
Although quantitative data are needed on such topicS as the growth periodicity,
abundance, distribution and lOngevity of coarse and fine roots in relation to environ-
mental factors, we should perhaps attempt to measure root activnyin terms of actual
water and nutrient uptake. and hormonal activities of the root system. "Ibere is still
disagreement about tilt; relative roles of mycorrhizal hyphae, unsuberized, suberized
and secondarily thickened roots in water uptake. Our, understanding of the growth
regulator function of roots is particularly Inadequate. Reference was made to a pertinent
volume in press,viz: New rom formation in plants and cuttings,edited by M. B. Jackson,
and published by Martinus Niihoff, Netherlinds (1985).
Technological advancements, such as the use of nutrient mists, may prove valuable
in studies of root activity. They may also allow studies of growth in relation to products
of decomposition and to allelopathy. Further study is needed on the effects of
allelochemicals on root and mycorrhizal growth. Thc usc of horticultural grades of
`Turface' (a commercial mix of montmorillonite prepared for greenhouse' use by
International Minerals and Chemicals Corporation, USA) can provide a semblance of
the soil environment, and permit microtoming of roots in their environment.
Genetics may play a role in the 'design' of root systems for different site and
environmental conditions. For example, on certain sites, if root growth could be made
to occur at greater depths, moisture availability might be increased. Genetics may also
bc important in growth regulatOr activities and in the formation and subsequent growth
of root systems from tissue cultures.
Discussion
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D. A. Perry (Chairman), W . R. Bentley, I). A. Rook, L. Karki, R. R. B. Leakey,
R. Faulkner, P. von Carlowitz, D. E. Hibbs, M. Leikola. •
The goal of forestry and agroforestry is to produce value from land in a way that is
both efficient and reliable. There are two steps in this process: selection of individual
'ideotypes', and incorporation of individuals into stands. The latter - a marriage of
ecology and economics - may be thought of as a kind of 'biological architecture'.
(There is a particularly nice symmetry in this view in that ecology and cconomics both
derive from the Greek 'oikos' for house.)
In any given environmental-social-economic setting, the design possibilities will be
numerous, ranging from monoclonal forests to intricate patterns in space and time. A
critical step in choosing among these possibilities, and a primary goal of the stand
architect, is to strike the proper balance between simplicity and complexity. Perry and
Bentley pointed out some of the important trade-offs in qualitative terms as follows:
Simple systems Complex systems
Inputs
managerial low high
labour low high
energy high low
capital high low to medium
Outputs
yield high (depends on how measured)
yield sta,bility high
Non-market values
aesthetics low high
wildlife low high
watershed high high
The main issues facing the stand designer relate to how simple and diverse systems
differ in inputs (managerial, labour, energy) and outputs (yield, yield stability,
nonmarket values). Among the most compelling features of simple systems are the
relatively low levels of managerial labour inputs required. Managerial skill is always
a scarce commodity; however, computers will continue to make large-scale complexity
more manageable. With regard to labour, we must ask whether it makes economic or
social sense to design low labOur input systems where there is a surplus of unemployed.
Energy inputs are better discussed in conjunction with yield stability.
The design of any cropping system must take into account both yield and yield
stability. It is generally assumed that yield is maximized in stands containing a single
high-yielding ideotype; however, forest researchers are becoming increasingly aware
of what agronomists have known for some time - that fast-growing individuals are
unlikely to produce the highest stand yields. Further, little is known about the nature
of resource allocation in plant communities and, therefore, what yields arc attainable
in cleverly designed mixtures. Intercropping can sometimes give higher yields than
sole cropping in agriculture.
A cropping system must provide immediate yields and insure against future losses.
Four factors are of particular concern: pests and pathogens, long-term soil productivity,
changes in climate, and changes in markets. No biological system ever was, or will
any ever be, robust against all possible perturbations. Nevertheless, natural systems
are generally well buffered, owing largely to their genetic and structural diversity
(their 'information contene). Historically, farmers incorporated diversity into their
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systems as a form of insurance. In contrast, the simple system is buffered by energy
inputs rather than by internal information. Pests and pathogens are kept in check by
using chemicals and/or by conducting an endless race between plant breeders and
evolution; and soil productivity is maintained by using fertilizers. Two key questions
facing the stand designer are whether energy-intensive buffering strategies (a) are
reliable in the long run, and (b) make economic sense in a world with finite free energy
soUrces.
The diversity incorporated into natural ecosystems and traditional agriculture buffers
theni against what might be termed the paradox of 'certain uncertainty'. Ilubris to the
contrary, modern humans are.not immune to the Unpredictability of the future and,
in fact, have accentuated it. There is a consensus among climatologists that average
global temperature is goingto increase from 1.5°C to 4-5°C in the next century, with
unpredictable effects on rainfall patterni (the average global temperature at the height
of the last glaciation was 5 `C cooler than that today). Thus, the performance of a given
ideotype M 'a given location may be quite different in the future than at present. It is
quite possible, for example, that a few degrees' warming will elevate winter temperat-
ures in north:west North America to the point where the chilling requirements of
Pseudossuga menziesii are no longer satisfied, and the species would no longer be
commercially viable in a large part of its range (D. Lavender, pers. comm.). It is
difficult to see how we can cope with 'certain uncertainty', particularly in long-lived
crops such as trees, other than to buffer systems through diversity.
Some group members felt there was a need to cncourage tropical foresters and
farmers to domesticate and grow a wider range of tree species both in simple and
complex stand designs.
The group listed .the following research needs. (a) Greater understanding is needed
of resource allocation among -plants in stands. (b) Mechanistic and/or holistic Models
of stand growth and yield need to be constructed which incorporate ideotype diversity
and effects of site quality.  (c)  Because site quality is an important determinant of stand
design, improved methods are needed to classify land capability. (d) We need to identify
and preserve genetic diversity, especially that relating to temperature, moisture, CO,
levels, and acid precipitation. (e) More 'understanding is needed on the role of
community structure in controlling pest populations. (f ) Economic models are needed
which incOrporate nonmarket values (eg water quality), risk, and the irreversibility of
some management practices (such as soil degradation and narrowing the gene pool).
(g) More consideration should . be given to the sociological aspects of land use.
LIGHT INTERCEPTION
P. G. Jarvis (Chairman), J. E. Jackson, P. A. Huxley, M. R. Kaufmann and R. E.
McMurtrie.
This group first cleared up a misunderstanding that arose in earlier discussions.
They then went on to consider several points relating to management and radiation
interception. Next, consideration was given to an integrated strategy of modelling and
measurement to evaluate particular ideotypcs. Finally; the group considered the
consequences of this approach for the organization of research Thc main points are
listed below.
I. The relationship between growth and leaf area is one of diminishing returns
and may even exhibit an optimum leaf area index for growth. Consequently, at a
moderate to large leaf area index, some of the foliage can be removed without significant
adverse effects on growth. In his paper, Rook pointed out that, in  Pima radiam,  up
to 40% of the foliage could be removed without significant adverse effect, and Jackson
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showed that halving the canopy volume of fruit trees reduced light interception by
only 10%. Thus, thinning quite heavily, or removing large portions of the canopy,
may have little immediate adverse effect on total growth. Indeed, this fact is part of
the rationale behind 'respacing', thinning and pruning operations.
2. Maximizing light interception, at least up to about 90%, throughout the life of
a crop must be the target for management, if dry matter increment throughout the life
of the plantation is to be maximized. Where forest tree thinning is done for commercial
purposes, it should not reduce interception much belc4 90% for too long. The
production of fruit buds, and the development of fruits of high commercial quality
do, however, depend on high light intensity within the fruiting zone of orchard trees.
Their management must, therefore, be aimed at minimizing within-tree shade at
critical times, while maximizing effective ground cover and light interception.
3. Putting on more leaf increases the loss of water from tree crops, both by
transpiration and interception loss, as well as incrcasing growth, because of the strong
coupling between tall crops and the atmosphere. 'Ibis paradox is solved in natural
stands by the wide spacing between individual trees in areas where water is a scarce
resource (eg  Pinus ponderosa in eastern Washington). In areas where water is limiting,
the manager may, therefore, have to modify his approach and settle for less than near
maximum light interception to conserve water. His goal would then be the maximum
light interception possible without the occurrence of serious stress - both water and
nutrients.
4. The interception of radiation by vegetation must be treated at the stand level,
but within the stand the growth of individuals is usually important for the production
of a particular product. Because it is difficult to measure the distribution of radiation
and of the processes that are driven by radiation, we must use  models of stands
comprised of individuals. These models may be poor today for Many crops, but even
so we must make a start with them, and use them to provide 'practical guidelines for
forest managers and agroforesters. The models can be tested by  measurements of
processes, and these measurements should also lead to thc generation of  hypotheses
and to  predictions of the performance of new genetic ideotypes, sach as the narrow-
crowned pines and spruces.
5. Using existing models, it is possible to make reasonable predictions of things
like EJA (transpiration/assimilation) for stands with different structures, leaf area
indices and stresses, integrated over 12 months. These models, even if inexact, will
give insight into the importance of likely variables, and may be useful as planning
guides in a variety of ituations, such as the various types of agroforestry in the tropics.
6. The parameterization and testing of process-based stand models are expensive
and need sustained investment in resources, manpowerand commitment. It will not
be possible to provide adequate large-scale cxperimcnts to test models in many places,
so collaboration is essential.
SPECIES INDEX
The English common names of most tree species have been omitted from the text,
except for apple, cherry, tea, rubber etc., and common names that are not included
in the text arc not indexed here. However, the authorities of Latin names, which were
also omitted from the text, are given here for all higher plants. Thanks are due to Dr
L. J. Sheppard for her help in preparing both this index and the subject index.
A
Abies  spp.,
flowering, 403
self-thinning, 483
A. amobilis  Dougl. ex Forb.,
carbon budget, 167
mycorrhizas, 304, 361
A. balsamea (L.) Mill.,
dimensions, 140, 141
A. concolor (Gord. & Glend.) Lindl.,
foliage distribution, 149
A.  grandis  (Dougl.) Lindl.,
foliage/sapwood, 148
seed production, 398
A. lasiocarpa (Hook.) Nutt.,
foliage/sapwood, 148
A. procera Rehd.,
foliage/sapwood, 147
A.  sachalinensis  Mast.,
crown characteristics, 148
Acacidspp.,
fruiting, 15, 289
fuelwood, 278
N2 fixation, 367
tannins, 4
A. albida  Del.,
effect on microsite, 19
phenology, 286
A. aneura F. Muell.,
fodder, 286, 290
A. catechu L. Wind.,
layering, 114
A.  xanthophloea  Benth.,
fodder, 286
Acer circinatum Pursh,
foliage/sapwood, 148
A. macrophyllum Pursh,
foliage/sapwood, 148
A.  negundo  L.,
mycorrhizas, 365
A.  pseudoplatanus  L.,
allometry, 153
flowering, 402
mvcorrhizas, 365
A.  rUbnan  L.,
branching, 237
A.  saccharinum  L.,
seed content, 491
A.  sacchanan  Marsh.,
branching, 237
dimensions, 141
mycorrhizas, 365
Acrocarpits spp.,
multipurpose, 19
Aesculus spp.,
nut producers, 428, 429, 432
A.  hippocastanwn  L.,
seed dispersal, 432
Agathis spp.,
seed, 398
A. robusta F. Muell.,
suckering, II 1
Agrobacterium,  62, 221
Almond,
nut producer, 426, 428, 432, 434
Alnus  spp.,
flowers, 403
fuelwood, 278
multipurpose, 19
N2 fixation, 320, 321, 361, 362, 366,
367
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while annual breeding is now practised with rapidly grown Betulaspp. in
polythene shelters in Finland. Perhaps the most striking cases of early flower-
ing are seen following the application of GA3 in the Cupressaceae and
Taxodiaceae (Pharis & Kuo 1977; Longman et al. 1982). The induction of a
terminal female cone on an eight-month-old Sequoiadendron gtganteum
(Pharis & Morf 1969) demonstrates the problem: does that mean that a tree
with a lifespan measured in millenia is already mature in its first year? If so,
do juvenile periods exist? Probably, a more useful working hypothesis would
be that flowering can take place during the juvenile phase, but becomes
progressively easier as the tree matures, implying quantitative rather than
qualitative restriction. Many inductive treatments, such as GA, application
and bark-ringing, may be sufficiently 'powerful' to stimulate reproduction
during the juvenile period, without necessarily affecting phase-change.
Experiments with Thuja plicata lend some weight to this view. Complete
bark-ringing on the main stem of mature cuttings induced 90-100% of them
to flower heavily, compared with only 40-50% of the unringed control plants,
which also produced fewer cones (Longman 1976). Unringed two-year-old
seedlings grown under the same conditions did not flower at all, and only
30% did so when they were ringed, producing relatively few cones. In order
to test whether the flowering portion distal to the ring on these plants had
been subjected to accelerated phase-change (ie had rapidly become mature),
cuttings originating from above and below the ring were rooted. The growth
rates and morphology of the two sets of clonal plants were indistinguishable;
both produced some primary, linear leaves, and, when given a standard dose
of 100 p.g GA,, both produced similar numbers of male and female cones.
Thus, it was concluded that ringing had promoted flowering, but had not
altered phase status (Longman 1976).
The age at which Betulaand Larix trees first produced flowers was greatly
decreased by growing seedlings rapidly to a large size, in heated glasshouses
under long photoperiods (Longman & Wareing 1959; Robinson & Wareing
1969). Growing plants to a smaller size, through repeated short cycles of
growth and dormancy, did not stimulate flowering. To demonstrate con-
clusively that rapid attainment of a large size induces a phase-change,two
vegetative propagations are needed. First, a clone has to be produced from a
single seedling while it is still very young, and some of the ramets must then
be induced to flower. Second, shoots from both the flowering and untreated
ramets must be cloned, so they can exist as equivalent plants with only a
putative difference in phase between them - independent of differences in
plant size, environment and inductive treatment. In species in which adult
cuttings can be rooted, material for phase-change research can also be propa-
gated from branches growing at different heights, and from coppice (or
epicormic) shoots on the same tree.
III. SPATIAL DISTRIBUTION
In the majority of forest tree species, many buds tend to remain vegetative,
even during periods of pronounced reproductive activity. Floral buds may
produce cones or inflorescences only, as in Pseudotsuga, Picea, Larix & Betula
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(male) and Ulmus, or they can contain leaves as well, as in Pinus, Larix ,St
Betula (female) and Ater pseudoplatanus. In several species within the Fagaceae,
the female flowers occur in leafy buds, while the male may occur with or
without leaves. Segregation of the sexes ranges from nil (strictly hermaphrodi-
tic flowers), through bisexual buds, and clearcut female and male zones, to
separate male and female trees. It is not generally recognized how widespread
is this latter condition: for example, around 20% of the tropical tree species
in Central America are dioecious (Baker et a/. 1983), as are over half of the
world's coniferous species (Givnish 1980).
In monoecious conifers, it is typical for the leading shoot, and the apical
parts of vigorous upper branches, to he strongly vegetative, for female cones
to occur principally in the upper and apical parts of the middle crown, for
male cones to occur especially in the middle and apical parts of the lower
crown, while the inner, lower crown shows weak vegetative growth (Wareing
1958;Tompsett 1978). Figure 1 shows details of the pattern of cone distribu-
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FIGURE 1.  "lbe locations of male and female cones .on an 11-year-old adult graft of
Picea sitchensis,growing in Scotland. The main stem of the tree had been completely
girdled two years previously, and injected with 20 mg GA., one year previously. There
was a total of 1,230 female cones, 1,390 male cones and 360 vegetative shoots on the
part of the tree illustrated here.
Dashed lines = lateral buds; continuous lines = terminal buds. The male and female
symbols indicate sections of the tree where a high proportion of available sites contained
male or female cones. 'Main' branches and 'weak' branches have been called 'whorl'
and 'interwhorl' branches, respectively, by other workers.
tion on an adult graft of Picea suchensisthat had been induced, by coml;ined
bark-ringing and GA4,7 injection, to produce over 2,500 female and male
cones, leaving only 12% of the shoots vegetative. The female and male zones
can be clearly seen, with most of the female cones occurring on the four-year-
old branches (and also on younger branches right up to the basal section of
the leading shoot), and most of the male cones occurring on the 4- and 5-
year-old branches (and also on 3-year-old branches). In the upper part of the
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tree, both female and especially male cones were found on the weaker
branches, between the main pseudowhorl groups, while lower down the tree
they chiefly occurred on the main branches. Within a branch, female cones
tended to be nearer the tips than the male cones. In both sexes, there was a
distinct tendency for cones on more apical, vigorous shoots to be in lateral
positions, whereas on less vigorous, more basal sections, terminal cones tended
to predominate.
Clearly, position in the crown needs to be taken into account in the layout
and analysis of flowering experiments (Bonnet-Masimbert 1982; Marquard &
Hanover 1984), and, if certain buds within a tree haVe a much greater
propensity to flower than others (Fig. 1), it may be preferable to apply flower
induction treatments directly to the most promising part of the shoot system.
Perhaps in somecases seedlings or adult plants may have to produce the
'correct' type of shoot before they can flower (Longman 1970). In addition,
analysis of the physiological and structural differences between parts of the
tree withhigh and low reproductive potential might throw new light on the
mechanisms of floral morphogenesis.
Most of the male buds of tarix kaempferipoint horizontally or downwards,
generally occupying the underside of horizontal shoots, and occurring on all
sides of trailing shoots, which are common in this genus (Longman et al.
1965). Male coning can be greatly increased by tying the branches into a
horizontal, or especially into a downwardly pointing, position, whereas female
coning in tan.x deaduacan be promoted by tying branches into the horizontal
position. These gravimorphic effects have been shown to involve the inclina-
tion of both the primary and higher order branches, and experimental inter-
conversion of male and vegetative positions has been achieved by twisting
flexible horizontal shoots of t. kaempferithrough 180° before the process of
cone initiation became irreversible. The genus'Vriesalso has numerous male
buds confined to the lower side of horizontal shoots, with solitary female cones
situated on the upper side, but it is not known whether initiation can be
influenced by gravimorphic treatments.
In broadleaved species, a reproductive zone can sometimes be seen on trees
that have recently begun to flower, situated in the middle part of the crowns,
between distal vigorous and proximal weakly vegetative regions (Bovet 1958).
Monoecious species seldom show such a clear separation of tfie sexes as found
in conifers, but in Fagus sylvatica,for instance, female flowers always occupy
more distal positions than males.- Females form especially in the axils of the
third foliage leaves in the buds, whereas male inflorescences most commonly
form in .the axils of the first foliage leaves, or the scale, leaves preceding it.
Buds containing female flowers contain significantly more leaves than those
containing only males, and female buds are more common as terminals on
long-shoots than on short shoots or laterals. The opposite distribution occurs
in Alnusand&Indus,and also in Betula,where male inflorescences are terminal
and subterminal on long shoots, and where most female catkins terminate
short shoots, as well as some less vigorous long shoots.
Trees with hermaphrodite inflorescences or flowers may also have floral
buds occupying particular positions. For example, in Ulnua americanathe
two basal nodes (1 and 2) on one-year-old shoots in winter have very small
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latent lateral buds, about 0.5 mm long. Flower buds, about 8 mm long, occur
with highest frequency at node 3 on shoots of moderate vigour, but can also
occur at nodes 4 to 7. Vegetative lateral buds averaging 4 mm in length occupy
the remaining lateral and pseudoterminal positions.
Studies on tropical trees, which exhibit a much wider diversity of 'architec-
tural models' than temperate zone woody plants, show that patterns of
branching can be closely associated with reproductive activity. For example,
Elacis guineenso  (the oil palm) belongs to Corner's model (Halle  et al.  1978)
and has a single, vegetative, terminal shoot apex forming an unbranched main
stem — the lateral buds all giving rise to male or female inflorescences. By
contrast, in Leeuwenberg's model, shown by  Manihot esculenta (cassava) and
Tabehuia pallida  (Manurung 1982), the apical bud on the leading shoot
becomes reproductive. •wo or more lateral buds then grow vegetatively and
flower terminally, and the process is repeated to give a highly branched crown.
In certain other tropical species, flowers occur on the main stem•(as in cacao),
on branches, and even on roots or leaf surfaces (I.ongman & Jenik 1974).
IV. TEMPORAL VARIATION
As already mentioned, the onset and timing of successive events in the
reproductive cycle of trees are often extremely variable. Periodicity is the
general rule; few woody species flower continuously, even in the tropics(Longman & Jenik 1974). •here, flowering can occur  (a)  regularly every 3 to
4  months, every 6 months, annually or biennially, (b) irregularly during the
year,  or  with longer intervals, (c) gregariously, at intervals of 2 to 8 years, as
shown by the Diptcrocarps (Longman I984a), or (d) once in the life cycle, as
in some bamboos (Janzen 1976). The popularity of certain widely planted
tropical and temperate zone trees, such as Tectona grandis, Tenninalia ivorensis
and some Pznns spp., may have arisen partly because of their regular annual
seed production.
There is also variation in the time at which flOral initiation occurs. The
shoot apices of trees presumably undergo broadly similar modifications to
those that occur in herbaceous plants, in response to environmental and
internal stimuli (Lyndon & Battey 1985). However, in trees there is usually
an interval of weeks or months before flowering itself occurs, and in many
species flower bud dormancy may have to be broken before development
proceeds towards female receptivity and pollen shed. These key changes at
the apex have seldom been studied, and their nature is poorly understood.
However, observations have been made of the dates when male and female
parts first appear in sectioned or dissected buds in several north-west American
conifers (Owens & Molder 1979), and in European trees (Lohwag 1910). In
both of these groups, floral parts are first seen during the period from late
May to early October, in the year previous to flowering, with July and early
August the commonest dates. The initial biochemical and cytological steps of
floral morphogenesis presumably occur about a month earlier. Exceptions
include the five-needled pines, in which the appearance of female cone initials
seems to be delayed until March of the flowering year, although the lateral
apices in which they occur are formed during the previous summer. In  Tilia
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argentea, flower initials are not found until the beginning of May in the year
of flowering, whereas in  Pseudotsuga nd  Abies  the earliest stages occur in
March of the year before flowering (Owens 1969; Puritch 1972).
Clearly, it is crucial to know at what time of year initiation is possible, if
flowering is to be successfully and reliably induced using methods such as
those discussed by Ross and Pharis (this volume). Useful test species might
include (a) the tree Ateramnus lucidus which, in Florida, produces flower buds
which for nine months can easily be distinguished from vegetative buds
(Tomlinson 1980), and (b) the shrub  Viburnum alnijohum,  which in New
England produces flower buds of a recognizable shape by the end of July.
Species in the Cupressaceae are also easy to study because the cones are not
enclosed within buds, and. the same applies to the male inflorescences of
Betula, Alnus  and  Gory lus.  The minute, red-tipped male catkins of  Betula
pendula and  Betula pubescens can sometimes be detected in England as early
as the end of May, almost a year before pollen is shed.
For many nonh.temperate forest trees with short periods of shoot extension,
there may be only a limited `time-niche' in which floral induction is possible.
Once bud-scale initiation has been succeeded by the formation of foliage
leaves, it may he impossible for an inflorescence or cone to be formed. There
may be more leeway on trees with prolonged or repeated periods of shoot
extension; for example, male catkins can sometimes be seen at the ends of
both the first and second shoot flushes on vigorous shoots of  B. pendula and
B. pubescens, and three such male initiation events have been recorded on
grafts grown in long-days in a heated glasshouse. In  Pinus contona, there is a
difference in the time reported for first appearance of female cones - early
October in British Columbia (Owens & Molder 1979) and early July in
Scotland (Couper, unpublished data) - which may reflect the capacity of this
species to form polycyclic shoots. These shoots can contain two 'tiers' of
female cones within the same preformed bud, not necessarily initiated at the
same time.
In Scotland, branches of  7Ituja plicata  produced male and female cones in
response to GA, injection at any time from late February to late August, but
especially from the end of March to thc end of June (Longman 1985). As
already mentioned, in  Larix kaempfert gravimorphic manipulation can induce
male cones to initiate a month later than in untreated shoots (Longman  et al.
1965). This treatment can also cause prospective male buds to revert to the
vegetative condition, suggesting that induction does not become irreversible
for several weeks after the appearance of distinct changes in bud morphology..
In  Thuja plicata,  GArinduced female buds, in their early stages of initiation,
reverted to vegetative buds when a high dose of 'Ethrel' (2-chloroethylpho-
sphonic acid) was applied (Longman & Manurung 1982).
After initiation has occurred, the rate of male catkin development in  Baula
can be greatly enhanced by short-day treatment, so that by July they can
reach the stage normally seen in late August. The next stage - that of flower
bud dormancy - has been little studied in temperate zone forest trees, although
it has been generally assumed to exist, and to be broken by chilling. Purely
floral buds typically flush earlier in the spring than vegetative buds, but it is
not clear whether this is due to a smaller chill-unit requirement, or to a
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lower heat-sum requirement, or both. In south-east USA,  Pinus taeda buds
containing male cones and needles, or only needles, flush normally when
transferred to long-days and favourable temperatures without chilling; but
buds containing female cones and needles, and also the one-year-old conelets,
require chilling to develop normally (Greenwood 1977). The rare male cones
of  Aletasequoia gbptostroboides may grow out in warm temperatures in late
autumn, but they are then abnormal and shed no pollen, whereas male buds
of  Populus  will produce viable pollen in early autumn when grown in a
glasshouse after only a brief period of chilling (Seitz 1958).
V. GENETIC DIVERSITY AND THE SOLUTION OF
PROBLEMS CONCERNING REPRODUCTION
Large within-species variation in flowering is typically found between clones.
For instance, observations over eight years on.25 mature grafts and cuttings
of  Picea sitchensis howed that two clones never flowered, 20 clones flowered
occasionally to varying extents, while three clones flowered every year. Also,
certain clones produced predominantly one sex, as has been reported for other
conifers. Pronounced genetic control of cone production in  P. suchensis has
also been demonstrated in progeny trials (Longman 1978). Similarly, large
differences have been observed among clones of  Betula penduld —  some
producing few or no female flowers at age three, while others formed flowers
in one-third of their buds.
Some Ptrtus species may start flowering early in life, particularly when uSed
as exotics. Examples include  Pinus contorta  in Britain,  Pinus kesiya  in East
Africa and  Pinus caribaea  var.  hondurensis  in Brazil and Indonesia (where
some individual trees have flowered 14 months after germination). Ninety per
cent of the trees in a plot of  Pinus thunbergii, planted in Delaware, USA,
initiated female cones by the third year after planting, and two-thirds had also
started to form male cones by the next year. In these instances, environment
as well as genetics may be involved, but these precociously'flowering trees
may present an opportunity to miniaturize the study of flowering. The seedling
progeny of a tree of  Dipterocarpus obloneoltus,  in the Kepong Arboretum in
Malaysia, started to flower seven months after germination, when they were
less than 0.4 m tall (Srivastava 1977). If clones were raised from such seedlings,
and they showed similar precocity, the almost insuperable problems of under-
standing and stimulating flowering in the large and commercially important
Dipterocarp family could be tackled experimentally, perhaps even in small
controlled environment cabinets (Longman 1984a).
Striking confirmation of genetic control over the onset of flowering was
shown by interbreeding precocious selections of  Betula pendula.  After only
three generations, the progeny had virtually no juvenile period, produced
inflorescences in every' bud, and became effectively annuals or hemicrypto-
phytes instead of trees (lIuhtinen 1976). This extreme tendency to flower was
even found in plants raised from tissue cultures, suggesting that such systems
could even be used for studies on forest tree reproduction.
Thus, clones that are inherently predisposed to flower regularly and heavily
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as small plants may have a special role to play as research tools to solve the
many outstanding problems concerning reproduction in trees, including floral
morphology and distribution, factors affecting flower initiation, the timing of
flowering, pollination success between matched clone pairs, and so forth. But,
unless it can be clearly demonstrated that the net cost of the extra reproductive
effort, expressed through their lifetime, is negligible, such genotypes should
not be used as parents for plantations or for breeding programmes in tree
species grown for timber, firewood or foliage. In trees grown for their fruits,
seeds or ornamental flowers, this problem hardly exists; but in forestry the
long-term goal for a domesticated tree crop should be a decline in the genetical
tendency to flower, corresponding with an increase in our understanding of
reproduction, and in our ability to stimulate it at will.
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Over the centuries, man has selected and learned how to cultivate a diverse
range of fruit tree crop species - domestication having reached the most
advanced stage in the temperate and subtropical zones. Most fruit trees are
outbreeding, like the majority of timber tree species (Faulkner 1976) and
other perennials (Li nskens 1983). Many cultivarS, chosen for their palatability,
fruit size and fruitfulness, have been maintained by asexual propagation, in
a manner analogous to inbreeding (Pickersgill & Heiser 1976). Having isolated
(often from locally small and slow-moving gene pools) exceptional but highly
heterozygous genotypes by vegetative propagation, there can presumably have
been little incentive for man to sustain a long process of recurrent progeny
selection. Even for the outbreeding seed-propagated fruit tree crops, and for
the few inbreeding ones, genetic change will have been slow because of the
long generation time and the small size of the tree populations. Therefore,
fruit trees have not been subjected, like field crops (Evans 1976), to many
generations of direct and indirect selection for morphological and physiological
characteristics, often associated with high harvest indices. Nevertheless, the
domestication of tree crops has been remarkably successful. The reasons for
this success are to be found in the perennial habit of trees and the large size
to which they grow. These features have enabled them to be manipulated (by
pruning and other horticultural techniques), vegetatively propagated (thereby
maintaining rare genotypes), and grafted on to rootstocks (to enhance fruiting,
avoid root diseases, etc).
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II. TREE FRUITING CHARACTERISTICS
Using horticultural techniques, it is possible to modify many of the natural
characteristics possessed by dicotyledonous tree species, which are not desir-
able in trees grown for their fruits. The most crucial of these characteristics
are large size, juvenility (Borchert 1976), irregularity in flower initiation(Monselise &'Goldschmidt 1982) and the propensity to flower prolifically but
set relatively few fruits because of flower sterility, embryo abortion and fruitlet
abscission (Stephenson 1981).
The horticultural techniques developed to manipulate these undesirable
characteristics fall into two categories; (a) 'those that reduce tree size and
vigour, and (b) those that directly alter the components of fruit set. In tree
crops, variation in fruit numbers, rather than in fruit weights, accounts for
most of the variation in yield: Tree vigour and size are reduced byusing
dwarfing rootstocks. and tree size can be decreased by pruning - which is
also used to select wood of differing cropping potential. The techniques used
to manipulate fruit numbers directly are supplementary pollination, chemical
fruit setting, and fruit thinning.
These various horticultural techniques exploit the fundamental relationships
that exist between growth, flower initiation, fruit set and fruit retention -
relationships that man has identified empirically through long horticultural
experience, but which are incompletely understood. Central to these relation-
ships is an apparent antagonism between vegetative growth and fruiting which
is present both in tree species (Kramer & Kozlowski 1979; Spur & Barnes
1980) and in other higher plants (Harper 1977). Flower and fruit development
is associated with a depression in cambial activity, shoot extension, leaf and
root growth (Woolhouse 1983), consistent with an inhibition of cell division
throughout thC plant. The commitment by Angiosperms to sexual repro-
duction - fo the generation and placental nurture of new genotypes - appears
to impose a stimulus to vegetative senescence. The mother plant may not
Survive this stimulus, as in the monocarpic annuals and perennials, or it may
survive only with difficulty, as in the polycarpic perennials (Molisch 1938).
Coffea arabica,an inbreeder, sets such an unusually high proportion of its
flowers (Leliveld 1938) that many of its youngest shoots become senescent
and 'die-back' when the tree crops heavily. Developing fruits appear also io
impose this .constraint 'on each other, revealed in fruit trees by the inverse
relationship between fruit number and fruit size (Childers 1978) - for Which
differences in fruit cell number are largely responsible (eg Quinlan & Preston
1968). Developing fruits also affect concurrent floral initiation (Monselise &
Goldschmidt 1982) and fruit setting (Stephenson 1981). There is, therefore,
an in-built tendency for trees to crop irregularly, stemming from variation in
vegetative growth, in flower initiation and in fruit set.
Irregular fruiting in tree crops is further accentuated because of the factors
that favour synchronized blossoming.• Tree fruits develop over a period of
several months. In temperate regions, the development of flowers, which are
initiated the previous year, is synchronized by the mechanism of winter
dormancy, and climatic conditions permit only one episode of fruiting each
year. In tropical conditions, synchronous flowering may be necessary in many
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tree species to increase the chances of cross-pollination (Op ler  et al.  1976;
Browning 1977), and to escape seed predation (Janzen 1971). Physiological
mechanisms which serve to synchronize blossoming have been described in
Coffea arabica  (Browning 1977) and  Theobroma cacao (Alvim 1977). The
strong selective pressures favouring synchronous blossoming probably have
been reinforced by the existence of mutual competition between flowers at
fertilization. Those flowers that are fertilized first appear to exert an inhibitory
influence on the fertilization and set of those pollinated later (see Stephenson
1981); consequently, most fruits will probably be produced when all flowers
are receptive to fertilization at the same time. Indeed, in selecting for fruitful-
ness, man might have inadvertently selected for synchronized blossoming and
synchronized timing of flower fertility.
The apparent antagonism between vegetative growth and fruiting in fruit
trees is expressed in two other ways that are important for horticultural
practice. First, actively growing shoot meristems are able to precipitate fruitlet
abscission. Thus, the number of fruits that are retained to harvest is increased
when shoot tips are removed during the early stages of fruit development, in
both pome (eg Quinlan & Preston 1971) and stone fruits (eg Webster &
Shepherd 1984), and vegetatively vigorous trees are less likely to retain heavy
crops than less vigorous ones (Childers 1978). Second, there is an apparent
antagonism between vegetative growth and flower initiation (Jackson & Sweet
1972) displayed in both juvenile and mature trees.
The view is taken here that these antagonisms between vegetative growth
and fruiting have two causes. First, they arise from physiological constraints
that are fundamental to the manner in which plant growth and development
is regulated. In particular, they stem from the way in which vegetative and
reproductive meristems compete as sinks, attracting assimilates and other
growth factors to themselves at each other's expense (Sachs & Hackett 1969).
Second, they reflect physiological and morphological attributes that are more
directly linked to the tree habit. In particular, there apparently exists a set of
physiological conditions which are necessary for flowering, that are normally
met only when the tree (a)  has completed an initial 'juvenile' phase of vegetative
growth, and (b) then maintains a temporal or physical separation between
vegetative and floral meristematic activity. The conditions for floral initiation
are such that,'as the tree increases in size, the number of meristems suitably
placed to become floral greatly increases, and often potentially exceeds the
number of fruits the tree can support. Profuse flower production is interpreted
here as a direct consequence both of the large size and structural complexity
of trees, and of their reproductive strategy. Following the induction of large
numbers of flowers, there starts a process of differential flower and fruit
survival, exercised through the 'serial sieves" of floral determination, gameto-
genesis, fertilization, embryo and fruit development. Through this process of
'attrition', there is a progressive reduction in the reproductive burden the tree
must bear.
The terms 'serial sieve or 'serial adjustment' are used to mean the cumulative effects, on the
numbers of reproductive structures (flowers, cones, fruits) that develop to maturity, of passage
through successive critical stages of development. At these stages, the reproductive structures
may fad to develop successfully if they do not undergo cytogenetic events or secure resources for
their development and growth.
412 G. Browning
While fruit and seed development is in progress, flower initiation is inhibited
by an influence emanating from the seeds. This mechanism interposes a period
when fruiting is absent, or is much reduced, accentuating irregular cropping,
and enabling the vegetative structure of the tree to recover from the effects of
fruiting. For plants embarked on a life strategy (Cole 1954) in which fitness
is maximized over a long lifespan, it can be shown that a premium is placed,
inconstant environments, on mechanisms which favour an absolute temporal
separation between growth and reproduction (Cohen 1971). In the variable
environments in which trees grow, this separation will not be absolute, but,
for efficient resource allocation, there will still be a premium on a negative
correlation between vegetative growth and fruiting (Wolgast & Zeide 1983).
III. VEGETATIVE GROWTH CONSTRAINTS
In many respects, trees behave like quasi-colonial structures, consisting of a
proliferating population of shoot meristems. Each meristem is potentially an
autonomous entity, which has created locally the assimilatory surface, vascular
supply and support it needs, and has exploited the reiterated structures
established by earlier meristematic activity. Thus regarded, the cambium
is a functional extension of each individual shoot meristem, anastomosed
throughout the structure of the tree by the system of meristem descent, and
driven by the combined activity of the meristems, so that the increment in
trunk girth remains closely related to vegetative growth in other parts of the
tree (Moore 1978; Causton, this volume). During the early stages of seedling
establishment, strong apical dominance exerted by the leading shoot concen-
trates growth in the vertical direction, enabling the tree to gain dominion over
biological space (Ross & Harper 1972). In trees, this upward growth can
continue, building up, as lateral buds escape apical dominance, structures of
great size and complexity. The differentiation of dead, woody tissues confers
long-lived mechanical support for this iaised and much expanded structure
at Minimal respiratnry cost (Schulze 1982). The supporting tissues and the
cambium are defended from predation and disease by the activity of the
phellogen, which also isolates many dormant axillary meristems from the
main arteries of vascular supply. Chronological age, size and complexity are
thus inextricably linked. As the tree grows, meristems become progressively
more dispersed to locations differing in conditions of light, exposure and
gravitational orientation, and differing in proximity to the currently active
centres of growth and correlative influence (Borchert 1976). Also, with in-
crease in tree size, there is a geometric increase in the mass of tissues
intervening between the roots and those shoots that are favourably placed for
light interception (Wilson 1970). These distal, well-illuminated shoots must
obtain water and nutrients from the roots across distances, despite the with-
drawal of these factors by intervening tissues. Presumably, some relief is
afforded from these difficulties by apical dominance, especially as an increasing
fraction of axillary buds is held quiescent with increase in tree size. But
eventually, the respiratory burden of the accumulated tissues approaches the
capacity of the light-favoured foliage to supply assimilates (Schulze 1982).
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Therefore, it is not surprising that trees generally lose vigour as they age
(Wareing 1959), or that it is the shoots nearest to the roots which have the
greatest potential for vigour (Maggs 1964; Kaini  et al. 1984).
Nevertheless, in fruit trees, the proportion of the total annual vegetative
growth (roots, stems and foliage) represented by the stems is maintained
within narrow limits over a wide range of total growth — growth adjustments
occurring principally between the leaves and roots (Avery  et al.  1979); that
is, the shoot meristems act as priority sinks. How this sink priority is achieved
remains uncertain (Nooden 1980), but it may result from differential utilization
of substrates, directional flow of materials under hormonal control (Seth &
Wareing 1967), and differences in the degree of vascularization (Sachs 1975).
It might be especially important in trees that vascularization is stimulated as
the activity of individual meristems is increased, thereby exercising a 'positive
feedback' on sink activity (Jacobs & Morrow 1957). Patterns of vascularization
may therefore reflect earlier heterogeneities in growth and supply. Conse-
quently, individual meristems will be differentially advantaged depending on
their location and history and, once florally determined, they will be subjected
differentially to the influence of other centres of meristematic activity.
These considerations suggest that, in trees, a considerable premium might
be placed on vegetative vigour, both to offset the 'physiological burdens' of
the woody habit described above, and to confer a competitive advantage
during establishment and early growth. Woody plants are generally highly
heterozygous (Hamrick 1979), which may confer vigour, and also enable trees
to tolerate temporal fluctuations in environmental conditions (Lerner 1954).
Polyploidy is thought to be of value in plants because it increases hetero-
zygosity (Bingham 1980), and polyploidy is common among broadleaved tree
species (Gustafson & Mergen 1963). The heterozygosity of woody plants, and
other long-lived perennials, may be conserved.by the fact that these plants
take longer than annuals to develop reproductive barriers which isolate sub-
populations and lead to ecotypic differentiation (Stebbins 1950; Grant 1971).
Also, it seems reasonable to infer that the longevity of trees will increase the
risk of disease, which could destroy part of the gene pOol, placing a further
premium on outbreeding.
IV. REPRODUCTIVE CONSTRAINTS
In order to maintain the needed balance between reproductive and vegetative
sinks, mechanisms are required to constrain flower initiation and develop-
ment. When considering the evidence of how, in fruit trees, this control of
flowering is achieved, it is difficult not to impute an important role for the
plant hormones. Thus, plant hormones appear to be involved, not only in
helping to confer sink strength, but also in preventing, or later aborting, the
development of sinks — sinks that are unlikely to develop successfully, yet arc
still able to impair the continued activity of better established sinks. By pre-
empting or curtailing resource expenditure on unfavourably placed or 'weak'
sinks, such mechanisms will increase the functional economy of organogenesis
generally, and reinforce the priority of established sinks. These hormonal
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influences exerted over sink numbers appear to emanate from, and to be
entrained to, the activity of existing sinks. The effect, in fruit trees, is to
inhibit flower initiation and development within the immediate vicinity of
active sinks. Thus, a spatial distancing is imposed between meristems, or a
temporal phasing is introduced in the distribution of activity between different
types of sink — as occurs when a mcristem declines in activity, allowing new
meristematic activity within its vicinity.
'Spatial distancing' and 'temporal phasing' would be the roles imputed for
auxin in the imposition of apical dominance (Wareing 1977), which, in fruit
trees, is a crucial factor in the control of flower initiation. In *plc and pear
trees, flower buds are initiated from preformed vegetative buds which have
accumulated the requisite numbers of leaf primordia (see Buban & Faust
1982). Only when axillary buds are some distance from the centres of apical
dominance, or when shoot growth has ceased, will sufficient axillary bud
meristematic activity be allowed for floral development to begin. The inhibi-
tory effect of auxin emanating from active apical meristems may, in fruit trees,
be reinforced by other hormones, such as gibberellins exported by the shoot
tips. Thus, applications of exogenous gibberellins inhibit flower initiation in
many fruit trees (Monselise & Goldschmidt 1982), and shoot tips are known
to have high gibberellin concentrations (Lang 1965). The latter fact may be
the reason why terminal shoot meristcms develop flower buds only when
extension growth has ceased (see Buban & Faust 1982). Gibberellin, exported
by the developing seeds, has also been implicated in the inhibition of flower
initiation, which in fruit trees occurs within the vicinity of developing fruits(see Buban & Faust 1982). This local inhibitory influence of the developing
seeds has the effect of spatially distancing concurrent flower initiation and
fruit development? It also ensures that a period of vegetative recovery, free
from fruit competition, can occur immediately after i he period of fruit develop-
ment. In tree species which blossom mainly at the periphery of the canopy,
these mechanisms will ensure that, by temporarily separating the phases
of growth and fruiting, the two forms of development do not compete
simultaneously for the same light-favoured space.
Initials embarked on floral development will continue to be subject to these
correlative influences, to the detriment of their later fertility, as rates of shoot
growth change and axillary shoots cmerge from apical dominance. Flower
bud development is affected also by other factors. In temperate regions,
flowers initiated late in the season often enter winter dormancy in an immature
state, so that their later fertility is uncertain (Luckwill 1974). The gravitational
orientation of thc immature flower buds is another factor which appears to
modify their later fertility (de Maeyer & Deckers 1984). Clearly, of the many
flower buds which are initiated during the season, only a proportion achieve
full fertility as flowers, a phenomenon expressed horticulturally in the notion
of 'flower quality'. Consistent cropping on one-year-old wood is characteristic-
ally a feature of the inbreeding, less vegetatively vigorous, fruit tree cultivars
and species, such as peach, apricot, and sour cherry. Pear flowers often are
present on one-year-old wood, but are unable to set fruit, presumably because
of their proximity to the correlative influences emanating from the terminal
shoot meristems during flower bud development.
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The importance of temporal and spatial separation of vegetative growth and
fruiting is revealed in the strategy of fruiting on spurs and short shoots. If,
because of stress, or its position on the tree, a shoot loses vigour and apical
dominance, a number of its meristems, including most crucially the apical
meristem, can become florally determined simultaneously. The loss of centres
of apical dominance, and the inhibitory effect of fruiting on further shoot
growth, alters the balance of sink activity within the shoot towards continued
fruiting. In Rosaceous pecies particularly, the result is often the development
of fruiting spurs and short shoots of intermediate length. Rosaceous purs are
characteristically developed on one-year-old wood, from axillary shoots that
are released from apical dominance the year before, but which apparently are
unable to undertake rapid extension growth. Instead, floral initiation occurs,
the shoots become spurs, and they blossom on the 2-year-old wood. Spur
systems are built up by the further tessellation of internodes, which increases
vascular supplies to the fruits, and shortens the distance between the fruits
and adjacent vegetative buds. Because of this short distance, the developing
seeds more effectively inhibit floral initiation of the adjacent axillary ('bourse')
buds (Luckwill 1974) and biennial (or alternate) bearing ensues.
On such spur-bearing trees, a primary aim of flower or fruit thinning, and
of pruning is to maintain a balance of fruiting and non-fruiting spurs (Jonkers
1979). Also, by decreasing the size of the trees, the fruits are kept in close
proximity to a large number of assimilate-supplying leaves. This proximity is
important because the rates of phloem translocation needed to maintain the
growth of reproductive sinks can occur over only very short distances (Canny
1973). For example, the growth of pome, stone and citrus fruits has been
found to depend principally on current photosynthesis (Hansen 1977), by
leaves borne on the branches subtending them2 (Magness 1929; Weinberger &
Cullinan 1932; Erickson & Brannaman 1960). Thus, fruiting spurs behave
with remarkable functional autonomy, and depend crucially for fruit set
(Ferree & Palmer 1982) and flower initiation (Hoad 1979) on their spur leaves.
Also, flowers begin to initiate on spurs earlier in the season than on elongated
shoots, and are therefore more likely to set fruit (see Buban & Faust 1982).
A further advantage of the spur habit might be that it allows light to penetrate
further into the tree canopy, and so aids the success of cropping on old wood,
away from the distal regions of active shoot growth. An extreme expression
of this trend is cauliferous (stem) flowering, found on  Theobroma cacao,
Arzocarpus wills,  and  Durio zibethinus.
V. REPRODUCTIVE STRATEGY
Photosynthesis can occui:deep in the canopy of fruit trees (Avery 1975), and
may not constrain flowering and fruiting, but , as the above discussion
indicates, more local constraints, in different parts of the tree, are of paramount
importance. Flowers initiated at different times, and at different positions in
2 A parallel exists here between the spur habit of fruit trees, and the reduction in the physical
separation between reproductive sinks and assimilate sources thought to have been achieved
during the unconscious election of field crops (Evans 1976).
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the tree, will be subjected to markedly different conditions of exposure,
metabolite supply and correlative influence, and will therefore differ greatly
in fertility. For example, shading in apple trees reduces not only flower
initiation but also the fertility of the flowers that develop (Jackson & Palmer
1977). By contrast, summer applications Of nitrogen to apple can greatly
increase the proportion of fertile blossoms the next year (Williams 1965),
indicating that some floral initials within the tree are normally starved of
nitrogen: Within-tree differences continue to be important at blossoming, and
during fruit and seed development, and act on systems already differentially
advantaged by their previous history. Hence, many of the floral initials which
reach the flowering stage fail to set fruits, even when pollinated, and, of those
which are set, a further fraction is lost in successive waves of fruit drop(Stephenson 1981).
A particular question of interest is why trees invest resources in innumerable
floral initials that never staccessfully ield offspring, rather than reduce the
competitive load by confining initiation more strictly to regions of the tree
where success is more certain. The hormonal or other factors which seem to
prevent flower initiation (in the regions where shoots are growing actively, or
which are close to developing seeds) may prevent unwanted competition
between sinks by physically or temporally distancing them. But, in addition,
trees have apparently exploited the Strategy of further regulating sink numbers
after initiation: they develop more sinks than current resources can support
and then allow them to compete. Such a strategy would provide for the 'serial
adjustment' of sink numbers with changes in metabolite supply — a particularly
important attribute in a perennial — thereby maximizing the number of sinks
successfully developed, despite the unpredictable nature of future conditions(Lloyd I980a). The 'serial adjustment' of reproductive sinks against future
uncertainties will be of particular value in deciduous trees, because fruit
development occurs in the year after floral initiation, and, on deciduous trees,
leaf amounts and durations may be very different in successive years (I larper
1977). Clearly, resources are wasted on those sinks which fail to compete,
and hormonal mechanisms may reducc this wastage by accelerating the
abortion of failing sinks. These hormonal mechanisms could either be activated
from within the sink itself (they could, for example, be entrained to the rate
of sink growth) or they could emanate from, and bc entrained to, other sinks.
The view is widely held that fruitlet abscission is induced by a reduCtion in
auxin export from the fruitlet when its growth rate declines because of
competition (Addicott 1982), although unequivocal evidence for such a role
of auxin is lacking. There is, as yet, little substantive evidence that an exported
senescence factor or inhibitor is important (Woolhouse 1983). A major theoret-
ical benefit of the strategy of 'serial adjustment' in sink numbers is that it
should favour the persistence of sinks at positions where resources for later
development are most likely to be available — a particularly valuable attribute
during the phase of flower initiation in trees. Another theoretical advantage
of 'serial adjustment' is the selection of sinks with a high intrinsic competitive
ability, if variation in competitive ability exists (Janzen 1977).
The tree habit might conceivably be associated with enhanced dependence
on regulating the 'quality', in addition to the number, of offspring. The
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quality of offspring can be increased by aboning weak or poor embryos.
Embryo abortion is a useful life history tactic if (a) the smaller number of
seeds remaining after abortion have a higher probability of succeeding, and
hence of transmitting parental genes, than the total number of seeds initiated,
and/or (b) abortion increases the probability that the maternal parent will
reproduce in the future (Stearns 1976). In trees, embryo abortion would
satisfy both requirements.
The woody perennial life strategy of competing for biological space over
long periods of time is thought to confer advantages in crowded, resource-
limited stable habitats. But , in those habitats, establishment is difficult (Harper
et al.  1970). Consequently, some tree species in the later stages of succession
(ie not pioneer species) produce large seeds (Salisbury 1942) which are
dispersed in small numbers by animals (Harper 1961), requiring investment
in specialized fruit tissues (Coombe 1976). Fruit tissue development possibly
represents the culminating expression of what could be the fundamental
reproductive strategy of trees. If it is granted that, in plants, the benefits of
sexual recombination exceed the costs (Lloyd 1980b), then the tree habit can
be interpreted as a strategy which reduces the numbers of recombinant
progeny dispersed in favour of increased individual longevity. The opposite
strategy, of dispersing as many seeds as possible in the shortest possible time,
is one which is favoured in unstable environments (Woolhouse 1974). In
trees, the balance of effort is shifted away from sexual reproduction, towards
increased individual longevity, secured through the continuation of vegetative
growth (Harper 1961). Through the mechanism of embryo abortion there
remain, however, opportunities  before dispersal for recombinant progeny to
survive differentially, which might partially substitute for post-dispersal selec-
tion. The selection pressure which operates is competition between the em-
bryos and other sinks.
As the 'serial adjustment' of the less competitively successful seeds proceeds,
so the competitive pressure on those remaining presumably decreases, making
more resources available, and decreasing the chances that resources will be
wasted. Thus, for example, in both stone and pome fruits - which have
essentially similar patterns of development (Tukey 1936) - embryo abortion
and fruitlet abscission precede the major phase of dry matter accumulation
by the fruit and seed tissues (Nitsch 1971). Such temporal demarcation,
between the phases when competition is most intense (when abortion and
abscission occur) and the phases when an absolute commitment is made to
the fruiting load, is made possible by the prolific initial production of sinks.
Because of the importance of competition between sinks at an early stage of
fruiting, and because the endosperms and embryos (initially minute tissue
systems) must establish themselves as sinks, they must presumably exert an
inordinately powerful 'specific sink strength'. Accordingly, it is in flowers and
fruitlets immediately after fertilization that the highest corfcentrations of
hormones are found (Goodwin 1978), and it is at the flowering and fruitlet
stages that the inhibitory influence of reproductive sinks on vegetative growth
is greatest - a compound function of sink number and strength.
In all except the most inbred species, an important force driving competition
between embryos will be their genetic differences, one component of which
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could be hybrid vigour. Desirable nonadditive genetic variance (conferring
hybrid vigour) appears to occur in a minority of successful offspring, as
evidenced by skewed progeny distributions away from parental means towards
low yields (eg Spangeloet al. 1971). Presumably, hybrid vigour is possessed
by an even smaller proportion of the totalprogeny, including those which fail
to survive seed development. If vigour during embryo development is a
determinant of sink strength, competition will favour the maturation of large
seeds possessing high intrinsic seedling vigour.
Clonal selection of fruit trees stabilizes both additive and nonadditive genetic
variances, and fixes varietal differences in genetically determined fertility and
susceptibility to embryo abortion. Markedly uneven rates of embryo and
endosperm development have been detected in different ovules within the
same fruit (Veh 1933; Murneek 1954), especially in varieties possessing some
degree of self-fertility (Bryant 1935; Murneek 1954). Accordingly, fruit set in
some highly heterozygous varieties might he poor, not only because they
possess vigorous shoot growth, but also because they produce embryos which
vary greatly in vigour, with many inherently unvigorous embryos. Sterility,
and premature degeneration of the female gametophyte are common character-
istics of many of the important pome fruit varieties, and are associated with
a high frequency of embryo abortion (Dorsey 1930; Ilowlett 1938; Williams
1970). Such cultivars respond least well to chemical fruit setting agents, both
in pome (Dennis 1977) and citrus (Krezdorn 1969) fruits.
In compound fruits, like those in the Pomoideae,which are formed from
five drupe-like structures enclosed in a fleshy torus of receptacular tissue
(Tukey 1936), a further hierarchy is introduced of competitive trade-offs
operating through 'serial adjustment' of sinks. The multiple ovules in a
compound fruit, and their enclosing fruit tissues, occupy the same advantaged
or disadvantaged position on the tree. But not all the ovules in a flower will
survive gametogenesis (Sarvas 1968), nor will all fertile embryo sacs be
pollinated and successfully fertilized. Because only a small proportion of the
ovules in a flower need to be fertilized for fruit development to begin (Tydeman
1944), differences will be established at the outset, between different fruits,
in the numbers of embryos they contain. Little information exists concerning
competition between embryos within a fruit, nor is it clear what the precise
sink effects are of the nucellus or endosperm, but what appears to matter is
the combined sink strength of the seeds acting together. Thus, the fruits
behave as unitary sinks, and (to a degree, depending on the vigour of the tree,
the overall conditions of stress (Zucconi 1981), metabolite supply, and the
numbers and seed status of other fruits) fruits set with initially few seeds will
abscise with a higher frequency than those set initially with a large number
(see Add icott 1982). Later seed loss, through endosperm and embryo abortion ,
further contributes to the 'serial adjustment' in fruit numbers. Consequently,
in most cultivars, it is the fruits with thc greatest numbers of fully developed
seeds which mature (Ewert 1906; Brittain & Eidt 1933), so maximizing the
numbers of seeds dispersedper unit of investment in fruit tissue. The physical
proximity of fruits set within the same inflorescence appears to intensify
competition between them, but with the fruitlet cluster as a whole behaving as
a single sink — of greatest potency perhaps when borne on a spur. Concentrated
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within the close confines of a fruiting spur, auxin export from the seeds might
be a particularly effective stimulus to further local vascularization (Bruinsma
1974).
Using vegetative propagation, man has succeeded in domesticating many
cultivars of fruit trees, in particular of citrus, pear and fig, which are to various
degrees parthenocarpic — that is, able to set fruits without fertilization, or to
complete fruit development despite early seed abortion (Gustafson 1942). In
such varieties, there will be no need for cross-pollination and no seeds to exert
a competitive effect between fruits and on flower initiation. It is implicit in
the ability of parthenocarpic fruits to grow independently of seed-set or
development either that they have, for genetic reasons, an enhanced capacity
to function as sinks, or that this function is suppressed when seeds are present.
In many fruits, well-marked correlations exist between seed number and
final fruit size, and also between the distribution of seeds and the shape of
the fruit (Luckwill 1958), and, particularly in parthenocarpic fruits, external
applications of hormones increase fruit size (see Goodwin 1978). It has been
inferred from these observations that the growth of parthenocarpic fruits
reflects an increased capacity for hormone synthesis (Nitsch 1971), but this
fact has never been unequivocally demonstrated. In many plants (Gustafson
1942), including fruit tree varieties that are not usually parthenocarpic (eg
Goldwin & Schwabe 1975), a small proportion of flowers can be induced to
set parthenocarpically by preventing pollination — a response which can also
be induced simply by reducing the numbers of flowers (Gustafson 1942).
Reduced competition for nutrients and assimilates might be sufficient to
stimulate hormone production in a number of flowers. Where mixed popula-
tions of parthenocarpic and seeded fruits are present on the same tree, the
parthenocarpic ones are more likely to abscise (Ewert 1906), presumably
because of the competitive sink effect exerted on them by the seeded fruits
(Goldwin & Schwabe 1975). Such a sink effect could, for eiiample, be achieved
either by the direction of assimilate and nutrient supplies towards the seeded
fruits (Crane 1964), or by the direct suppression of growth in the parthenocar-
pic fruits by factors emanating from the seeded ones. Decapitated pear flowers
that are set parthenocarpically using sprays of gibberellic acid are more likely
to be retained to fruit harvest, although many fruits will be small, than
normally pollinated flowersgiven similar sprays (Andrews  et al.  1983). This
observation suggests that seeds might directly suppress the hormonal capacity
of the fruit tissues to prevent pedicel abscission. The production of naturally
parthenocarpic fruits in commercial quantities generally requires the initial
stimulus of pollination, presumably to stimulate hormone production from
the fruit tissues.
There are reasons, also, for suspecting that there is 'parthenocarpic vigour'
in the unusually common triploid cultivars of apple and pear (Knight 1963).
The exceptional vigour of these cultivars, and of triploid citrus genotypes,
has been attributed to increased heterozygosity (Layne & Quamme 1975;
Geraci  et al.  1975). Triploid vigour is reflected in the production of large
fruits and, in the case of the triploid citrus genotypes, in seedlessness. Among
apple cultivars grown in England it is the triploid varieties Crispin and
Bramley's Seedling which are the most responsive to hormone-induced fruit
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setting (Modlibowska 1972). The possible relationship, in triploids, between
parthenocarpic vigour and fruit size raises the interesting question of whether,
by selecting for fruit size, man has inadvertently selected for an increased
tendency for parthenocarpy.
VI. IMPLICATIONS FOR THE MANIPULATION OF
FRUIT SET
This chapter has sought to identify attributes of thc tree habit important for
the manipulation of fruit set and the cropping load in fruit trees. Many of the
factors which may have influenced tree fruiting strategy can be seen as
stemming from the colonial nature of tree structure and development. The
long-lived, complex structures that are assembled create a 'physiological
habitat' in which individual meristems, both vegetative and reproductive,
must compete. The mcristems cxist in varying conditions of metabolite
supply, exposure to light and gravitational orientation, and their growth
and development are ordered through the reiterated, correlative (imitatively
hormonal: Wareing 1977), influences that meristems exert on  each  other.
Crucially impo. rtant is the need to balance competition between the respectiv-
ely indeterminate and determinate growth of vegetative and reproductive
meristems. This balance is necessary if the tree is to continue to build up itS
vegetative structure. Equally, the commitment made to vegetative longevity
places a heavy evolutionary dependence on being able to maximize the number
and quality of offspring which can be dispersed. And these offspring must be
produced despite the existence of large within-tree heterogeneities in the
potential for successful reproductive development.
This balance in commitment between vegetative growth and fruiting appears
to be achieved in three ways,in all of which the horticulturist must intervene.
First, competition between active vegetative meristems and reproductive sinks
seems to be minimized by phy.sically distancing them — achieved primarily by
the mechanism of apical dominance and by concentrating the fruiting point's
on stiurs and short shoots. Second, flower initiation is inhibited within the
vicinity of developing fruits, thereby (a) accentuating the temporal alternation
between fruiting and vegetative growth that is intrinsic to the polycarpic
perennial habit, and (b) giving a period of vegetative 'recovery', when vegeta-
tive growth is less impeded by the demands of fruit growth. Third; reproduc-
tive sinks are opportunistically initiated, wherever conditions allow, and
in numbers which greatly exceed the likely supply of resources for their
development, enabling a process of 'serial adjustment' in numbers to proceed,
based (a) on heterogeneities in the location of the reproductive sinks, and (b)
on the genetic variation exposed as a result of gametogenesis and sexual
recombination. In this way, the maximum numbers of fully matured seeds
are produced according to the resources available, and some control is exerted
over the quality of offspring dispersed. These tactics will clearly be most
efficient if physiological mechanisms exist to amplify sink competitive ability.
Given such behaviour, the most fundamental step the horticulturist can
take to improve fruit set is to reduce vegetative vigour. He will then decrease
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vegetative competition and apical dominance, decrease the size of the tree,
and provide for the establishment of a structure much reduced in hetero-
geneities and constraints in metabolite supply. In particular, all areas of
fruiting will be nearer to the light-favoured periphery of the structure, and
nearer to the root system, and a large proportion of the total volume of the
tree will be well illuminated. The tree will accumulate less woody tissues,
vegetative recovery after pruning will be decreased, and the exploitation of
gravimorphic responses, which alter apical dominance (Wareing & Nasr
1961), will be made easier. The overall effect will be to increase the production
of flowers per unit tree size, and for the flowers to develop in better local
conditions of illumination and metabolite supply.
In the outbreeding tree crops, a conflict is created between the need to
partition resources towards fruiting and the need to retain the hybrid vigour
required for flower fertility and fruit size. By contrast, fertility of the naturally
inbreeding tree crops, such as peach, appears to be unaffected by inbreeding
depression. These tree crops set a much higher proportion of their flowers
than the outbreeding ones, presumably because, being more homozygous,
there is less possibility of genetic segregation disrupting fruit set and seed
development. Self-fertility is also common among many citrus cultivars,
tolerated perhaps because of the genetic factors which tend to make them
parthenocarpic (Goldschmidt & Monselise 1978). Rootstocks are often, for
clonally propagated tree crops, an indispensable adjunct to vegetative propaga-
tion, and dwarfing rootstocks have been used to control vegetative vigour in
the most successfully domesticated fruit crops. Dwarfing rootstocks restrict
the size of the scions, but preserve their heterozygosity; hence the fertility,
and ability of outhreeding scions to produce large fruits, is retained. Also,
many dwarfing rootstocks possess inherently small root systems and divert
less assimilate from fruiting to root growth. Reduced root function is offset
by cultivation, irrigation and fertilizer application. The grafting of budwood
from mature fruiting trees on to rootstocks also confers, on the grafted tree,
greater precocity in flower production and fruit set.
The thmretical advantages of using chemical growth retardants are that (a)
they reduce the need for pruning, which stimulates growth at the expense of
fruitfulness, and (b) they can temporarily reduce shoot vigour at times
favourable for flower initiation and fruit set. Whethergrowth retardants will
enable less dwarfing rootstocks to be used remains to be seen. "[he main
disadvantages of growth retardants appear to be that (a) when they are applied
in overall sprays, they can disrupt developmental processes within floral
initials, flowers and fruits, and (h) they can alter the functional root/shoot
balance towards shoot growth. Also, as with other types of plant growth
regulators, their effects are difficult to control with precision under the variable
conditions of climate and tree management.
Chemical fruit-setting agents have, so far, worked most successfully on
cultivars possessing some degree of parthenocarpy, or which are triploid. The
major disadvantages of such agents are that (a) in some cultivars, they
cannot overcome inherent infertility in the flower tissues and in the female
gametophyte, and (b) by setting an initially large proportion of flowers,
competition is increased, and fruitlet abscission arising from differences in
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seed number is intensified, especially when there is also chemically induced
seed abortion.
Perhaps the most effective use of chemical agents has been for flower and
fruitlet thinning, to reduce the competitive effect of the cropping load on fruit
size and concurrent flower initiation. However, it has been difficult to find
chemicals that will discriminate between flowers and fruits that differ in
potential for set and fruit growth - particularly as those differences vary
unpredictably with season and management.
Clearly, it is in the direction of an improved understanding of the fundamen-
tal processes by which sink number and quality are regulated in trees, that
the greatest potential for future progress in the manipulation of fruit set and
the cropping load will be found.
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I. INTRODUCTION
Before examining the characteristics of nut-bearing trees, it is necessary to
define what constitutes a nut. Definitions abound, but I favour the relatively
broad ones offered by Steen (1971): (1) an indehiscent, one-seeded, dry fruit
usually formed from a compound ovary and typically possessing a hard outer
wall or pericarp, like an acorn, hazelnut or chestnut; and (2) one of a number
of structures which are not true nuts, like the Brazil nut (a seed) and certain
dry drupes after the removal of hard parts, like the almond, coconut, pecan,
and walnut. I would further broaden these definitions to include large
coniferous seeds enclosed in hard testas. Also, for the present discussion, we
must exclude nuts that are inedible to man or his domesticated animals, and
very small nuts, like the 'nutlets' of Nothofagusand Betula.
The criteria of size and edibility have important biological ramifications,
because large edible nuts are attractive to many animals, and are too large to
be dispersed by the wind. The animals that eat nuts therefore become
prime candidates for their dispersal. As we shall sec, dispersing animals can,
theoretically at least, exert very strong and directed selective pressures on the
trees, causing them to evolve in ways advantageous to the dispersing organ-
isms. These pressures can mould such diverse characters as crown form, site
specificity and tolerance, and seed crop characters.
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II. BOTANICAL NATURE OF NUT TREE GENERA
Using the above criteria, we find that the temperate forest nut-bearers are
found in four genera of gymnosperms (Table I) and ten genera of angiosperms
(Table II).
TABLE I. Gymnospermous nut-bearing trees of temperate forests: phylogenetic and
geographic occurrence; and economic status for nut and timber production
Approximate SpeciesGeographic Value as timberGenus number of nut- cultivated
occurrence producersbearing species for food
Araucaria SW Pacific, 101 0 minor
Sout h America
Ginkgo E Asia, culti- negligible
vated through-
out northern
hemisphere
Pinus Europc, Asia, 26 major
W North
America
Torreya E Asia, W & SE 0 negligible
North America
I  Only one species is temperate In origin, the others are subtropical or tropical.
In three of the four gymnosperm genera, one of which is monotypic, all
the species are nut-bearers. But in l'inus, only about 26 of the approximately
100 species of the genus bear seeds large enough to qualify as nuts. Most of
these are in the soft pine or white pine subgenus  (Snmbus),  and include,
notably, the stone pines (five species) and the pition pines (eleven species).
The use of pine nuts as a food by humans has recently been discussed by
Lanner (1981), and there is ample documentation on the consumption of
Tarreya  (Burke 1975),  Ginkgo (Li 1963), and  Araucaria  (Dallimore & Jackson
1961), although these genera have been utilized on a much smaller scale than
the pines.
Despite the regional importance of coniferous nuts in many parts of the
world, only two species appear to have been  cultivated  for their seed crops.
These are the Italian stone pine  (Pmus pinea),  currently an important crop
species in the Mediterranean area, and the Siberian stone pine  (P. sibirica),
which is reportedly planted by villagers in the Urals (Pravdin 1963). Because
P. pmea  has been widely planted since antiquity, its natural area of distribution
is now impossible to determine (Critchfield & Little 1966). It alone forms the
Pinus  subsection Pineae, and it appears to have no close relatives within the
genus.  Pinussibirica,  on the other hand, ranges widely across northern Siberia,
and is one of a complex of five closely related species, the others being  P.
albicaulis, P. cembra, koraienns,  and  P. purnila.  It has frequently been
united with  P. cembra  as var.  sibirica.
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TABLE 11. Angiospermous nut-bearing trees of temperate forests: phylogenctic and
geographic occurrence, and economic status for nut and timber production
Approximate SpeciesGeographic Value as timberGenus number of nut- cultivated
occurrcnce beproducersaring species for food
Aesculus  Europe, Asia, 13 0 minor
North America
Carva  E Asia, North 16 1 major
America (plus I hybrid)
Castanea  Europe, Asia, U 3 major
Africa, North
America
Castanopsis  Asia, North IOW minor
America
Coryhts  Europe, Asia, 15 negligible
North America
Fagus  Europe, Asia, 10 major
North America
luglans  Europe; Asia; 20 major
North, South,
Central
America; West
Indies
Lithocarpus  E Asia, North 100' minor
America
Prunus  SW Asia, culti- negligible
vated widely
Quercus  Europe; Asia; 500 major
Africa; North,
Central
America; West
Indies
' All but a few are subtropical or tropical in origin
Excluding those cultivated for their fleshy fruits
Most nut-bearing angiosperms belong to genera in which all species bear
nuts. The sole exception is the almond, Prunus dukis (syn. P. amygdalus),
which differs from its congeners by bearing large and esculent kernels.
Surprisingly, few of the nut-bearing angiosperms have been cultivated for
their seeds (Table II), even in such genera as Carya, Castanea,and Cory lus,
whose nuts have exceptional flavour and nutritive value (Westwood 1978;
Woodroof 1979). The angiospermous genera tend to be rather large - in the
case of Quercus, very large indeed - which increases the likelihood of (a)
finding species or biotypes adapted to a variety of habitats or cultivation
methods, and (b) designing hybrids with adaptations or crop attributes that
diverge from those of the parents.
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TABLE Ill Characteristics of the reproductive systems of the major nut-bearing genera
of temperate forests
Chromosomes Sex
distri-
bution'
Self-
compatible?'
monoecious no
monoecious  —
monoecious yes
monecious no
monoecious no
monoecious  —
monoecious no
monoecious no
monoecious —
' Data from Wright (1976), .Mehra (1976) and Westwood (1978).
2 Westwood (1978), USDA ForestService (1965).
3 USDA Forest Service (1965) and Bean (1981).
4 Wright (1976) and Westwood (1978). No may indicate greatly reduced seed-set and non-
vigorous offspring.
Most of the nut-bearing genera have relatively simple genetic and reproduc-
tive -systems (Table III). Nearly all are diploids, with low chromosome
numbers (the genus Primus  is of course complex, but its complexities do not
extend to  P. dukis).  Most of the angiosperms belong to families in the
Amentiferae (Juglandaceae: luglans, Carya;  Fagaceae: Castanea, Castanopsis,
Fagus, Lithocarpus, Quercus; Betulaceae: Corylus). The Amentiferae nut-bear-
ers are all monoecious; and those of the Floriferae have perfect flowers. Nearly
all are self-incompatible, at least in having lowered seed-sets or less vigorous
offspring as a consequence of self-fertilization. In those genera frequently used
in commercial orchards  (Prunus, juglans,  Coiy/us,  Castanea, Carya),  the
selected cultivars are self-sterile, and it is necessary to interplant them with
other cu I t ivars as pollinators. Controlled crosses between walnut cultivars give
between 10% and 90% fruit set (Westwood 1978). In the genera Aesculus,
luglans, Carya, Castanea, Quercus and  Pinus,  hybridization between species
either occurs naturally or can be accomplished artificially.
III. CONSEQUENCES OF ANIMAL DISPERSAL OF
TREE NUTS
Foresters have become accustomed to the notion that tree seeds are disperSed
by wind, because, in most commercially important temperate trees, this is
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the case. But seeds that qualify as nuts are, almost by definition, too heavy to
become airborne, and so must be dispersed by animals.
The animals that disperse nuts are invariably predators on those nuts, and
their function as dispersers is incidental to their activities as predators. In the
cases pertinent here, nuts are dispersed to a place of  storage, where they are
concealed by the predator-disperser for future consumption. This differs
fundamentally from the dispersal of seeds like those of  luniperus,  which are
randomly defecated by birds that have eaten the soft pericarps (Salomonson
1978).
A. How pine nuts are dispersed
This brief synthesis summarizes results of studies re.cently concluded in the
Swiss Alps (Mattes 1982), Hokkaido (Saito 1983), and the western USA
(Balda & Bateman 1971; Vander Wall & Balda 1977; Tomback 1978; Lanner &
Vander Wall 1980; Hutchins & Lanner 1982; Lanner 1980, 1982) on the
inter-relationships between corvid birds and pines that have large, wingless
seeds. Nutcrackers (Corvidae: Nucifraga sp.) and jays (Corvidae: Aphelocoma
sp.,  Gyanocitta sp.,  Gymnorhinus p.) remove ripened seeds from cones. They
fly to the ground, or to caching areas up to 22 km away, carrying one to over
100 seeds in their mouths or distensible esophagi (jays) or in specialized
sublingual pouches (nutcrackers). Seeds that are not eaten immediately are
placed in the soil in groups of one to 15 or more, at 2-3cm depth. In a mast
year, a single nutcracker may cache about 100,000 seeds. Seeds are retrieved
and eaten throughout the fall, winter, and spring, and they are fed to newly
hatched young. Unrecovered seeds, which in a mast year constitute a majority
of those stored, often germinate and become established. Hutchins and Lanner
(1982) showed that regeneration of whitebark pine  (P. albicaulis) depends
upon the services of Clark's nutcracker  (N . columbiana), as no other animal
in the pine's ecosystem exhibits the requisite behaviour. Nutcracker dispersal
of  P. albscaulis and of  P. flexilis  results in a highly clumped pattern of
tree dispersal, restricting the pines to areas within the natural range of the
nutcracker, and frequently dispersing the seeds to xeric, windswept, rocky
sites (Lanner 1980). Furthermore, the mixed age class distribution of stands
of these pines has been attributed to the nutcracker's persistence in caching
seeds repeatedly in preferred areas (Lanner 1980).
It has been argued that the indehiscent cone of the Cembrae pines  (P.
albicaulis, P. cernbra, P. koraiensis, P. pumila, P. sibirica) is  a 'package' that
is easily ` unwrapped' by nutcrackers, but not by other seed predators, and
that this adaptation to the harvesting efficiency of the nutcracker has evolved
through natural selection (Lanner 1980, 1982). It is also argued that the
crowns of whitebark pine trees function as cone display surfaces, and that
their shapes have resulted from nutcracker-mediated natural selection (Lanner
1982). Note that persistent caching of seeds on xeric sites should, through
natural selection, result in trees adapted to droughty habitats; and the preferred
caching of large seeds should result in selection for large-seeded genotypes.
Apparently there is little known about the dispersal ecology of  Araucaria,
Ginkgo  or  Torreya.
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B. How acorns and beechnuts are dispersed
Amazingly little has been written about the dispersal of acorns, although
oaks are nearly ubiquitous in the north temperate zone, and are of great
economic importance. Studies in hardwood forests in Virginia and Wisconsin
have indicated that the blue jay (Gyanocitta cristata) is the only animal vector
that is able to carry oak acorns and beechnuts (Fagus grandifolia)over long
distances (Dar ley-I & Johnson 1981; Johnson & Adkisson 1985). Squirrels
(Sciurus sp.) appeared to be important dispersers on a local scale (they are
territorial animals that do not stray from their limited home ranges [Sta-
panian & Smith 1978; Smith & Follmer 1972]), but apparently the Fagaceae
species in the study area depended on jays for the establishment of new stands
away from the seed source. Harrison and Werner (1984) have also concluded
that blue jays are responsible for long-distance (to 400 m) dispersal of acorns
into open areas.
Johnson and Adkisson (1985) observed a woodlot containing a number of
beech trees, from which about 150,000 beechnuts were dispersed by jays.
The jays carried either a single nut, or a bur containing two nuts. These were
transported up to 4 km, placed in a cache just below the soil surface, and then
concealed with litter. Johnson and Adkisson (1985) considered that jays were
essential to maintain populations of beech trees in landscapes where only small
tracts of woodland were scattered within a matrix of farmland, and where,
according to current concepts of island biogeography, extinction would be
likely.
In Holland, the European jay (Gamdus glandatius) has been carefully
observed in its mutualistic association with pedunculate oak (Quercus robur)
and sessile oak (Q. petraca),as well as with the introduced red oak (Q. ndrra)
(Bossema 1979). In a wide-ranging series of experiments, Bossema established
that jays preferred (a) thin-shelled native acorns and beechnuts over the
thicker-shelled acorns of introduced oaks, or native hazelnuts, (b) large acorns
over small ones, being able to discriminate weight differences of less than
10%, (c) long, narrow acorns for long-distance transport, and (d) ripe to
green, sound to damaged, and normal to loose-shelled acorns.
Preferential behaviour of the jays had ecological consequences for the oaks.
For example, acorns were cached singly, not in groups, so oak trees were
single-stemmed rather than in clumps, as are pines seeded by nutcrackers
(Lanner 1980). Acorn-dispersing flights were in all directions from the seed
source, and usually exceeded 80 m. Burial sites were not chosen at random,
but tended to have specific characteristics. They were seldom under shade,
but were more often in the open, especially on edges of 'grass islands' among
heather. Soft and rough-textured soil was preferred to hard, smooth soil as a
caching substrate, and cachcs were widely spaced.
The result of these jay behaviour patterns was to disperse the oaks disprop-
ortionately to open habitats, where competition was not severe, and to areas
with well-drained soils. Trees growing under those conditions should develop
full crowns that bear ample acorn crops, a result similar to that predicted for
whitebark pines seeded in the open by Clark's nutcracker (Hutchins & Lanncr
1982). There is much more to Bossema's complex tale of jay-oak symbiosis,
but only one more result will be mentioned here. It seems that jays feed not
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only on the cotyledons of exhumed acorns, but also on the cotyledons of the
hypogeous sprouted seedlings. To do so, they take hold of the stem of first-
year seedlings with the bill, and tug with vigour. This action uproots poorly-
rooted seedlings quite readily, but leaves strongly taprooted seedlings unhar-
med. Bossema considered that this tugging behaviour represented a strong
selective pressure favouring taproot development in Quercus.Thus, as with
the pines involved in the mutualisms described above, the ecological conse-
quences of avian seed dispersal arc profound for the oaks. There is strong
presumptive evidence, in both sets of mutualisms, that the birds and trees
have co-evolved, that is, that they have each responded over time to natural
selection pressures generated by the other.
C. How squirrels disperse nuts of Fagaceae and Juglandaceae
Squirrels have long been known to bury individual acorns, beechnuts, wal-
nuts, and hickory nuts in a widely scattered pattern ('scatterhoarding').
Typically, they dig a hole, place the nut in it, cover it with soil, compact the
soil, and place some grass or litter on top, probably as camouflage. Planting
depth may be barely enough to conceal the nut (Calla lane 1942), or up to
10 mm of soil may be placed above the nut (Thompson & Thompson 1980).
Nuts of Aesculusare also cached by squirrels (Nixon et al. 1968; Thompson &
Thompson 1980) and it is safe to assume the same is true of Caswnea,
Castanopm, and Lithacarpus. (Cmylus is known to be dispersed in Europe by
nutcrackers; Prunus dale-isis only known in cultivation, so no disperser of an
ancestral type can be identified.) Unlike the wide-ranging corvids, squirrels
stay quite close to home, usually within a territory of a few hectares. Therefore,
nuts dispersed by squirrels (ie buried and left unretrieved) do not establish
new stands but merely augment or extend existing ones. Squirrels commonly
carry nuts only about 15 to 30 m from their source before burying them
(Smith & Follmer 1972). Stapanian and Smith (1978) showed that the number
of nuts buried per unit area of ground affected the probability that those nuts
would be eaten by squirrels that did not bury them. They calculated that
uniform hexagonal spacing of about 13.4 m between nuts would provide an
optimum dispersal from the standpoint of surviving predation. There appear
to be no quantitative studies of squirrel caching comparable to those on
nutcrackers and jays, so little can be said about the exact role that squirrels
play in the regeneration of nut-bearing trees. However, Thompson and
Thompson (1980) believed that squirrels were probably necessary for the
establishment of horse-chestnut (Aesculus hippocasumum),because their seeds
were unlikely to survive if they were not buried.
Clearly, animal dispersers are attracted to nut-bearing trees because the
trees produce large numbers of highly nutritious nut 'meats' in large seeds.
The lipid content of the nuts is especially important in giving them high
energetic value (Lanner 1981). It is therefore no surprise that commercially
planted nut trees also attract predatory animals, including the species that
disperse their seeds in the wild. In the USA, jays prey upon orchards of
Cenylusand luglatu (Westwood 1978); and squirrels must be excluded from
orchards of all kinds (Funk 1969). Control of nut-eating wildlife would be a
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necessary part of orchard management if additional species were brought into
cultivation.
The crown architecture of deciduous nut trees has never been examined in
relation to the needs of seed dispersers, as has that of some nut-bearing pines
(Lanner 1980, 1982). The assumption is often made that crown design is
optimized to orient leaves properly to the sun (Brunig 1976; lIallé  et at  1978).
Yet a crown must also place flowers where they can be reached by pollinating
insects, birds, or bats, and fruits where they can be reached by dispersers.
According to Whitmore (1975), bat flowers and bat fruits are held away from
the main foliage of the crown, presumably because this improves the bats'
chances of pollinating flowers and dispersing seeds. In other words, it is a
characteristic that has been selectal for by the bats. In heavily fruited species,
where the entire fruit abscises and falls to the ground (eg  luglans),  fruit
presentation may not be a factor. But among those taxa whose nuts are taken
by dispersers directly from the tree crowns (eg Quercus and  Fagus), branching
habit and other morphological features may be adapted to 'accommodate'
disperser behaviour. To the degree that a tree species is dependent on a single
dispersing species, that disperser has the opportunity to shape the tree's
evolution. But if a number of dispersers, each with its own habits and needs,
are effective in establishing the tree, then the tree is less likely to become
`specialized' to suit any one of them. The only tree species for which the
available data so far indicate total dependence upon a single disperser species
is whitebark pine, as discussed earlier.
IV. POTENTIAL FOR EXPANDED USE OF NUT
BEARERS
It is difficult to understand why, with so many nut-bearing species available
in temperate forests, so few have been brought into cultivation. Oaks, for
example, have historically been important sources of `mast' for livestock, and
of starch for diverse peoples around the world. Yet nowhere does man sccm
to have cultivated oaks as food-producing trees. Even in eastern North
America, where, since settlement by Europeans, the nuts of the black walnut
(juglans  nigra) have been savoured, and even used commercially, the crop is
largely gathered wild, although over 100 cultivars are known (Woodroof
1979). Only in recent years has the economic potential of nut production been
recognized, so that the integration of nut and lumber production is being
advocated in tree improvement schemes (Funk 1969).
There seems to be no shortage of variability; Tables I and II show that a
wide range of genera are available, and most of them have wide geographic
distributions. Table IV gives the elevational, latitudinal, and longitudinal
range of some North American nut-bearing species, which must be repositories
of great stores of adaptive variation. There is also plenty of variability in
economic `crop' traits. For example, nuts of the Japanese chestnut (Castanea
crenata) are usually smaller than those of the European C.  sativa, but selected
trees .yield nuts at least as large as the best European varieties (Bean 1981).
The same is true of the under-utilized Chinese chestnut (C. rnollissima), which
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TABLE IV. The wide geographic ranges of representative North American nut-
bearing trees, as exemplified by their attitudinal, latitudinal and longitudinal spread,
and their occurrence in different hardiness zones'
' Data mainly from little (1971).
2 Planthardiness zones are numbered in reference to meanminimum temperature in degrees
Fahrenheit (1') as follows: Zone 2, L50°to –4; Zone 3, –40° to –30°; Zone 4, –30° to  –20'3;
Zone 5, –20° to –10°; Zone 6, –10° to 0.; Zone 7, 0° to 10'; Zone 8, 10° to 20°; and Zone 9,
20° to 30°
has recently attracted some interest in the USA (Payneet al. 1983). Within
the genus  Fagus, nuts are usually very small, but F. englerana, a native of
China, has nuts over half an inch long (Bean 1981). The Japanese walnut  (J.
ailantifolia),  esteemed for the fine flavour of its nuts, has a thin-shelled variety,
var.  cordiformis; and the Persian or English walnut (7.  regia) has a variant with
such thin shells (f.  fragilis) it  is called ` titmouse walnut' because its shells are
easily pierced by these little birds (Bean 1981). Another form of Persian
walnut (E  macrocarpa) has nuts twice the normal size, though the kernels are
small; and still another (f.  racemosa) bears clusters of up to 50 nuts each (Bean
1981). Genetic variability in nut characteristics has been documented in beech
(Brinar 1974), filbert (Popnikola 1972; Kozlov 1975), almonds (Sykes 1975),
walnut (Zarger 1945; Sykes 1975), and even in ginkgo (Stilinovic & Tucovic
1975). Yield characters also vary greatly. While most large, mature, open-
grown black walnut trees bear up to 3,000 nuts per year, one tree has borne
over 6,000 (Funk 1969). Genetic variation in this species is considerable at
individual, regional and racial levels.
A walnut  (7. regia)  improvement programme was recently started in the
Jammu and Kashmir districts of India, by gradually replacing seedling trees,
which do not bear until they are about 17 years of age, with much earlier-
bearing selections. Top-working vigorous trees with selected scionwood has
also been practised. The selection programme focused on early-bearing,
vigorous trees producing large crops of medium-sized, well-filled kernels
(Woodroof 1979). This programme was based on a long-standing native
practice of growing scattered walnut trees along roadsides, around farmsteads,
and in small groups. Natural selection had probably led to the establishment
of an adapted 'land race' in Ehe district. Smith (1977) advocated the use of
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waste spaces, uncultivatable slopes, and roadsides for many nut bearers
worldwide, and has documented the practice in many areas. More formal
schemes of agroforestry, like those described by Douglas and Han (1978),
also utilize nut-bearing trees that protect the soil and ultimately produce
valuable crops of wood nroducts.
The potential for bringing more wild species of nut-bearing trees into
cultivation is illustrated by the recent history of the pecan (Carya
the only American forest tree that has been domesticated for food production
(Woodroof 1979). It is speculated that in pre-Columbian times Indians
expanded the natural range of this species by planting nuts at campsites
•and along travel routes. Its natural range is mainly in the states of Texas,
Louisiana, Oklahoma, Arkansas, Missouri, Iowa, Illinois, Indiana, and Mis-
sissippi. Late in the nineteenth century, the fine flavour and nutritive qualities
of pecan nut were recognized, 'papershell' varieties were discovered, and a
new industry began. At first, the only means used to produce pecans was to
top-work wild trees and seedling orchards growing within the natural range
of the species. But before long, intensive selection led to the creation of about
500 named cultivars, as well as 'hicans', hybrids with C.  ovata,  C.  laciniosa,
and  C. cordiformis. Many of these varieties are adapted to climatic conditions
quite different from those in the natural range of the species. Thus, the state
of Georgia, which is outside the natural range, has become the most important
pecan-producing state, and large irrigated operations have sprung up in
Arizona and New Mexico. By the late 1960s, 100,000 trees were being planted
annually in New Mexico. During the 1970s, a large (750 ha) irrigated orchard
was planted in New South Wales, Australia, with a projected annual produc-
tion of 8,400 kg ha- ' (7,500 lbs acre- ). A total area of 30,000 ha was to be
planted in Israel in 1980. Other pecan industries can be found in South Africa
and Mexico (Woodroof 1979), as well as in Soviet Georgia (Ramishvili &
Lomadze 1975).
The growth of this industry has been explosive. In 1975, production in the
United States exceeded 200,000 tonnes valued at over US$98 million. The
present trend is a shift towards Texas, Arizona, and New Mexico, with a
concomitant increase in the use of western cultivars. What originated . as a
cottage industry, utilizing nuts fallen from wild trees, has become a large
enterprise increasingly using intensive cultural practices. The large and hetero-
geneous area that comprises the natural range of this species would seem to
ensure that there is no danger of biotype depletion; indeed, its storehouse of
genetic variability has been barely sampled.
V. CONCLUSIONS
The nut-bearing trees of temperate forests comprise an enormous potential
food resource. As yet, few taxa have been utilized on a commercial scale.
Modem selection and breeding methods could be used to exploit a vast
reservoir of genetic variability, perhaps repeating mankind's past successes in
domesticating the trees we now grow routinely as horticultural crops in
profitable well-tended orchards.
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I. INTRODUCTION
Fruit tree orchards have changed dramatically in recent years and are still in
a state of rapid evolution and, indeed, of revolutionary development.
The changes have been particularly pronounced in the context of apple
growing.
Large; spreading, apple trees, 4-5 m in height, have all but vanished from
the commercial scene in western Europe. They have been replaced by ordered
hedgerows in which the trees are little more than half of the height of their
predecessors, a tenth of their spread, and are planted at up to ten times their
density.
Production per hectare has increased greatly. In the Netherlands, the
national average yield has risen from 16 to 38 t ha- ' (fresh weight) over
the period from 195010 1977 (Wertheim 1981). In th'e United Kingdom, the
average yield of Cox, a high quality but hitherto low-yielding apple, more
than doubled over the period 1949 to 1975 (Jackson & Hamer 1980).
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Labour requirements per hectare have been reduced. In the Netherlands,
the number of man-hours needed for cultural practices, excluding harvesting,
declined from 550 to 175 hours ha-1 yr-1 over the 1950-1977 period (Wer-
theim 1981). In England, the Ministry of Agriculture bulletins on apple
growing costs and returns gave an average estimate of pre-harvest labour use
of 405 hours ha- yr' in 1969 and 100 hours ha-1 yr ' in 1982.
Similar changes have occurred throughout western Europe. They have not
been a result of changes in the genetic material available to the fruit grower.
Cox, Bramley and Golden Delicious are very long-established apples and,
even though there has been some change in rootstock usage, the dwarfing
Mailing 9 (M.9) rootstock, which is by far the most widely used in western
Europe, has been available for more than 50 years. The advances have been
in the overall technology of management of trees and orchards, making use
of scientific and technical developments and integrating them into improved
production systems.
The potential for further progress in apple growing systems, and for
applications to other crops, can best be considered in relation to economic
and crop-physiological productivity modelling. First, however, we need to
describe recent changes and the present state of affairs in more detail.
II. RECENT AND CURRENT DEVELOPMENTS IN
APPLE ORCHARD SYSTEMS
Historically, fruit orchards have taken many different forms, ranging from
elaborately trained and pruned dwarf fruit tree cordons in monastery and
palace gardens to large, spreading, trees under which farm cattle grazed.
Large trees, planted 10-16 m apart on seedling rootstocks, are still used in
some production systems, notably those involving mechanical harvesting (by
tree shaking) for processing in the USA and Canada Within western Europe,
which is the major apple producing area of the world, such large trees have
almost vanished from commercial production. They were replaced over a
period ranging from the 1930s to the 1950s (depending on the country) by
trees of medium vigour, on rootstocks such as M.2 and MA or even on
seedlings, grown to a height of 4-5 m and maintained at this height by careful
detailed pruning. The trees were usually either pruned to a round-crowned
shape or trained and pruned into hedgerows, such as those of the Italian
palmette system. In the former case, the trees were usually spaced at about
7 mx 5 m; in the latter they could be in rows 5 m apart with only 4 m between
trees within the row.
At the same time that these systems were being introduced, the spindlebush
tree form was developed in Germany (Schmitz-Hubsch & I leinrichs 1941).
This was a small tree of about 2 m in height with a maximum width of 1-5 m,
cropping on horizontal fruiting laterals arising from a central axis (the centre
leader) and supported by a tall stake. Originally planted at a spacing of
2-5 mx 2-5 m, this tree form, with rather less rigorous training, was widely
planted in Holland at spacings of about 4 mx 2 m, and a number of different
variants developed.
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From the 1960s, these spindlebushes were progressively supplemented and
replaced by even more compact trees - slender-spindlebushes - at spacings
ranging from 3m x 1 m to 4 m x 2 m. In general, these were still planted in
single rows, separated by tractor alleVs, but an even more slender variant, the
North-Holland spindle, is now widely planted in a design with three rows of
trees between adjacent alleys (Flierman & Houter 1976) and a tree population
of around 3,000 trees ha- 1.
One advantage of the very high density systems is that their yield per
hectare can be high within a few years from planting. An alternative approach
towards this same objective has been to plant large trees with numerous lateral
branches (feathers) at the time of planting. This policy, using Cox on the
semi-dwarfing MM.106 rootstock at planting densities of around 600 trees
ha -', has become vei-y popular in England, subsequent pruning of the tree
being similar to that of some of the spindlebush systems, with a central leader
bearing cropping laterals which may or may not be trained in a fruiting 'table'.
Also, in recent years there have been a number of even more intensive or
extreme systems under experimental investigation. The most striking is the
meadow orchard (Hudson 1971; Luckwill 1978) where the planting density
can be more than 70,000 trees ha- '. This concept, in which the fruit-bearing
shoots are harvested by being cut off near ground level and then allowed to
regrow from the stumps to crop again, has not proved practical for apple
which needs two years to produce its fruits. It is, however, still being actively
investigated for peach which bears fruits annually under this system (Erez
1981; Couvillon & Pokorny 1985). An apparently very different thrust, but
one which has some underlying conceptual similarities in terms of both plant
physiology and economics, is the modification of tall hedgerow systems into
simple geometric forms suited to mechanical pruning and mechanically aided
picking. The extreme developments of this method are the elaborately trellised
systems with the trees, on wire supports, trained to give shallow horizontal
or V-shaped canopies with the intention of mechanical harvesting and pruning
(Dunn & Stolp 1981; Chalmerset al. 1978).
III. BACKGROUND  ECONOMICS
A. Structure of costs and returns
The rapid change in orchard production systems has taken place, particularly
in recent years, whilst there has been a structural surplus in apple production
(Winter & Welte 1985) and an openly competitive market.
In such a competitive environment, new production systems are adopted if
they improve the ratio of output, expressed in cash terms, to resources
employed. The latter may be defined in different ways, depending on economic
and social circumstances, but are usually considered in terms of units of land,
of capital and of labour. These resources can all be expressed in sash terms,
but they are not fully interchangeable at the operationallevel, so it is as well
to consider them separately as well as in aggregate.
The degree to which land is a limiting factor clearly varies from country to
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country. In eastern Europe,.fruit orchards may be on the Agro-Industrial-
Complex scale of thousands of hectares. In the eastern USA, the scale may
be similarly vast, especially where the fruits are mechanically harvested for
processing from trees which are given little labour input in their management.
More typical of the world's temperate fruit production units are those in
England, which arc average-to-large, and those in the Netherlands, which
illustrate small-scale intensive production. In England, approximately 60% of
the total orchard area is made up of farms with more than 20 ha of fruit,
whereas in the Netherlands the corresponding figure is 8%, with 49% of
Dutch orchards being less than 7 ha (Britton 1977; van Oosten 1979). German
fruit farms tend to he more similar to the Dutch, with 50% of the orchards
in the Elbe valley being between 5 ha and 10 ha (Utermark 1977). Typical
Australian orchards are from 6 ha to 12 ha (I lutton 1980).
It is clear that, where farms are small, output value per hectare becomes a
dominant consideration because it is essential to ensure an adequate livelihood.
Where farms are larger, output value per unit of capital employed may become
relatively more important. In any case, land has to be treated differently from
other costs because, it is usually assumed, it will be worth at least as much at
the end of an orchard's life as it was at the time of planting. The other costs
involved in fruit production (Steer 1982) are summarized in Table I for
English orchards.
'Fhese costs are best subdivided into costs of orchard establishment, which
represent a once-and-for-all capital inVestment in the particular orchard, and
costs in a typical production year. Three factors stand out.
(i) The cost of establishment is high, and, when treated as an annual charge
over a 20-year orchard life, it is greater than the annual cost of all materials
and labour used pre-harvest.
(ii) Pruning accounts for almost two-thirds of the total pre-harvest labour
cost.
(iii) Flat-vesting and post-harvesting costs, which are essentially yield-depen-
dent, are much greater than the pre-harvest costs, which are essentially area-
dependent. Assuming a 25 t ha - ' crop, the total cost of 'farm overheads', the
annual charge arising from the cost of establishment and the total 'growing
cost', ie pruning, chemicals, spraying, etc, was equivalent to 10-9 pence kg-
in 1982. Harvesting cost a further 5.1p, storage 5.8p and marketing 1 I .2p.
Thus, out of a total cost equivalent to 33p kg -', more than 22p are incurred
picking the fruits or post-harvest.
With regard to the other side of any economic assessment, the returns,
these were primarily dependent on fruit quality. The averageof the weekly
prices for Cox apples from the 1982 crop was 41p kg-I for Class I apples and
30p kg- for Class II. A crop of 25 t ha- I of Class I apples would have given
12,000 profit, while the same crop of ClassII apples would have given a loss.
This is not to say that Class II Cox fruit was not worth producing (its sale
price was greater than the costs of harvesting, storage and marketing which
came to 22p kg- '), merely that it could make only a small contribution towards
recouping area-dependent costs. The quality argument is of even greater
importance in relation to production of different varieties: high-quality var-
ieties such as English Cox and Washington-State Red Delicious sell for
26. Fruit orchard design 445
TABLE I. The economics of apple production in England in 1982
A. Costs per hectare of an orchard of Cox's Orange Pippin (pounds sterling hr
Establishment year
Trees and stakes
Total
Produaion year
Materials
Pruning
Other labour (pre-harvest)
Harvesting (picking & supervision+materials)
Storage (25 tonnes hr')
Marketing
Overheads+ Interest
Pro-rata with density for other tall-stake systems
I'roduction year economics of an apple orchard of Cox/M 26 with 667 trees ha-1
yielding 25 t hr
' From Steer (1982)
2 Average of weekly figures published in TheGrower.
667 trees hr'
1,868
3,476
488
179
109
1,275
1,450
2,800
1,035
1,111 trees ha -1
3,444'
5,265
much higher prices than the easier-to-grow Golden Delicious, which may be
unprofitable irrespective of yield because prices per kilogram do not cover
the costs of harvesting, storage and marketing.
B. Integration of costs and returns: the use of discounted cash
flows
Orchards are long-term investments, and different orchard systems have
different patterns of costs and returns over the years. There is thus need to
be able to compare the overall profitability of, for example, an orchard with
a low planting cost, but which then does not crop heavily until the eighth or
ninth year, with one with a higher initial cost but much quicker returns.
Because money spent, or earned, in an early year must be regarded as having
had the potential to incur or accrue interest thereafter, all costs and returns
over the life of the orchard must be adjusted to take into account this 'time-
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value change' of money. Thus, a pound earned in the fifth year is 10% more
valuable than a pound earned in the sixth year, if the interest rate still being
paid on borrowed capital is 10%. The process of adjusting for interest rates
is known as discounting, and the result is a discounted cash flow. There
are two commonly used investment criteria based on discounted cash flow
analysis.
(a) Net present value  (NPV). This is found by discounting - at the rate at
which loan capital is borrowed by the investor - all future cash flows to their
present value (investment date) equivalent. Assuming that A is the net cash
flow for year i. that is the profit or loss in that year, where the project has a
life of n years and r is the project cost of capital, then:
•-^ A,
P - (I +0
and P is the weighted sum of the annual cash flows.
If C is the initial capital invested, then the NPV is P-C.
(b)  Internal rate of return(IRR). This is the rate of interest which, if charged
to the project, would result in a NPV of zero, that is the highest rate which
it could bear without making a loss. It is calculated as r from equation (1)
with the value P set equal to C.
Thus, the earlier that costs and returns occur in the life of an orchard, the
greater is their effect on NPV and IRR, to an extent determined by the interest
rate r.
Another important economic criterion, which is best calculated using the
discounting technique, is the time (years) required to break even, that is to
pay back the initial capital plus interest. This is particularly important when
there is a reasonable prospect of changes in demand for different varieties, or
the possibility that a variety will become out-of-date in terms of productivity
by the early introduction of successors.
IV. CHANGES IN PRODUCTION SYSTEMS,
PRODUCTIVITY AND ECONOMICS
Two major changes need to be examined, the progressive replacement of tall
trees on vigorous or semi-vigorous rootstocks with dwarfed trees, and the
moves towards even higher densities of planting of dwarfed trees.
A. Production levels
The gross impact of the changes in production systems on production levels
may be illustrated by comparing yields from three well-documented English
orchards.
The first of these, planted in spring 1946, was the Fernhurst orchard of
Imperial Chemical Industries. The trees, Cox plus pollinators on M.2 root-
stock, were planted at a density of 330 trees ha- i and grown quickly to their
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mature size - 4.5 m tall, round-headed bush trees. This orchard was regarded
as a model of its kind, and a highly profitable investment (Anon 1965).
The second, planted in winter 1968/69 at East Mailing, compared a wide
range of densities of planting. It included updated versions of the Fernhurst
system, using MM.111 as rootstock instead of M.2, with populations of 299
and 427 trees ha- and also 'hedgerow' plantings on the dwarfing M.26
rootstock at densities up to 1,922 trees hr '. Cox was one of the main varieties
studied (Parry 1981).
The third, planted in winter 1972173 at East Malting, compared two
contrasting management systems, with Cox as the main variety. One, on the
semi-dwarfing MM.106 rootstock, is at a density of 667 trees ha- with the
trees in hedgerows separated by tractor alleyways; the other has double rows
of Cox on the dwarfing M.9 rootstock between adjacent alleyways at a density
of 2,000 trees ha-1.
TABLE IL Yields of fruit 0 ha- ' fresh weight) from English apple orchards, managed
at different intensities (see text), from 2-10 years after planting
Site: Fernhurst' East Mailing Research Station'
Planting date: 1945/46 1968/69 1972/73
Trees ha- ': 3303 2994 4274 19225 6676 20005
Year
Dessert varieties, mainly Cox.
Avenges in years 11-15 = 20 t ha" and 16-20 =261 ha- '.
2 CO%
Rootstocks:3 = M.2, 4= M1¼%.111,5 = M.26, es= MM.I06, ' =
Yields are shown in Table II, The Fernhuist orchard, typical of its period
(Anon 1958), did not achieve its maximum yield until between 16 and 20
years after planting, and its first heavy crop, of over 20 t hr ', was not attained
until its twelfth year. The delay, compared with the more modern systems,
must have been largely a result of the much more severe pruning used.
Although Preston (1955) showed that trees on MM.111 do give slightly heavier
early crops than those on M.2, the differences are not comparable with those
in Table II. Preston (1958) stressed the lack of knowledge about how to induce
early cropping of Cox. One very important contribution to earlier cropping
in recent years has been the improved technology of producing well-branched
trees in the nursery so that they bear fruit on up to 15 or 16 primary branches
already present at planting.
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In the trial planted in 1968/69, Cox on MM.!!! with 299 and 427 trees
ha- I attained a 20 t yield in their eighth season; and the much higher density
planting on M.26 attained this yield in the fifth season as, no doubt, the
1972/73 planting of 2,000 trees hr ' on M.9 would have done but for a frost.
Trees planted at 667 trees hr ' in 1972/73 yielded more than 20 t hr ' in their
sixth year.
The changes in yield at maturity were not so great as those in precocity of
cropping, but the more modern plantings at the higher densities do seem to
have higher plateau levels of yield.
As will be discussed later, part of this change may be due to rootstock
effects. When we look at density effects perse,resulting from changes in wit hin-
row spacing (with between-row spacings constant), we find the following three
results in numerous trials, typified by the one reported by Parry (1981). First,
in the first cropping year or two, yields per tree are highest at the closest
spacings, possibly because they benefit from mutual shelter. Second, in
subsequent years, the yield per tree at the closer spacings fails to increase as
much as that at wider spacings, so that the yields per hectare move towards
a similar level - although yields at the closest spacings tend to remain the
highest: even in the last three years of Parry's trial, yield per hectare was
always higher the closer the spacing in the row. Third, the fruits tend to be
smaller where the trees are grown at higher planting densities, and the fruits
have a lower proportion of their surface red-coloured - although a higher
proportion of the fruits are free from serious russet and cracking.
Moving to multi-row systems, these tendencies are continued - Wertheim
et al. (1985) showed that increasing the tree population of Red Roskoop on
M.9 from 2,400 to 3,409 trees ha- ' (with slender spindles) or from 2,663 to
3,698 trees fir ' (with North-Holland spindles) increased yield over the first
six years from 196 to 244 t hr ' and from 179 to 217 t hr ', respectively (1.1
times the yield per 0.9 ha). The regressions of yield on plant population
were statistically significant. Goedegebure (1981) showed yield per hectare
increasing with planting density (1,000, 2,000 and 3,000 trees per hectare) up
to and including the fifteenth year although, as expected, the benefits were
much greater in the earlier years. Other authors, eg Crowe (1985), observed
a levelling off of the yield density curve at the highest densities as orchards
reached their fifteenth year.
The greatest precocity of cropping to date, with yields of more than 50 t hr '
of fruit in the second year after planting, has been achieved with tree densities
of 13,720 trees ha-1 on the very dwarfing M.27 rootstock (Preston 1978) and
in meadow orchards with 70,000 trees per hectare (Luckwill 1978).
B. Economics
Some of the changes in costs have resulted from mechanization or the substi-
tution of chemical technology for hand labour (eg for fruit thinning), but
others have been system-related.
In the work-study report on the Fern hurst orchard of the 1960s, a harvesting
rate of 4 bushels (72 kg) per hour was stated as the target for good pickers.
In 1982, UK Ministry of Agriculture estimates of labour costs for harvesting
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implied a picking rate of 125 kg h-' for a semi-intensive production system.
In northern Italy, it has been found that pickers average 106 kgh- ' from
large, round-canopy trees, 120 kg h- ' from tall hedgerows (palmettes) and
185 kgh- ' from the modern high-density systems on M.9 rootstock (Werth
1978). In the same region, the pruning of a round-crown or palmette orchard
requires between 100 and 200 hours per hectare, whereas the dwarf-tree,
high-density systems take 60 man-hours. With a pruning season of 500 hours,
this means that one man can prune 2-5-5-0 ha of the older-style orchards, but
8-10 ha of the modern systems, with 1,400 to 3,000 trees ha-1. Because
pruning dominates the pre-harvest labour inputs this determines how much
land one man can manage.
Increase in intensification of planting from 1,000 to 3,000 trees ha- ' on
M.9 rootstock has very little effect on labour requirements (Goedegebure
1981) and further intensificationper seis unlikely to increase the orchard area
which can be managed by one man. The greatest gain in this aspect of
productivity is likely to come from thc use of chemical plant growth regulators
which, by controlling vegetative growth, can almost halve the time taken in
pruning (Anon 1984).
The cost of establishment is markedly system-dependent and has increased
dramatically. When each tree costs £1-80 and each stake El (1982 prices), the
cost of establishing a modern 2,000 trees ha- ' orchard is E5,600 for trees and
stakes alone. "[his figure is ten times as much as it would cost to plant an
older-style orchard with about 300 trees ha- ' without need (because of their
vigorous, well-anchored motstocks) for permanent stakes.
In spite of this increased planting cost, the increase in returns early in the
life of the more intensive orchard has resulted in much earlier attainment of
the 'break-even' point. The Fernhurst dessert apple orchards repaid their
costs, including interest at 6%, by 1958,12years after planting. In contrast,
all of the systems reported on by Parry (1981) were very solidly profitable
within 10 years from planting, all giving internal rates of return of more than
23% over that period, and Stephens and NichOlson (1978) found that modern
centre-leader Cox orchards on M.9 and MM.106 rootstocks reached 'break-
even' in years 4 and 5. Stephens and Nicholson (1978) also used relatively
short-run data to show that much earlier pay-back, as well as higher NPVs
and rates of return, was obtained from modern centre-leader systems on M.9
and MM.106 than from older-style, more widely spaced, bush trees. Within
the modern systems, the high-density systems on M.9 are outstanding in
terms of NPV, that is in output value per hectare over the orchard life. The
semi-intensive systems on MM.106, which do not need expensive tall stakes
and have lower planting costs, because of lower tree numbers, can give as
good, or better, returns on capital (Parry 1982; Jacksonet al. 1985).
One factor which might affect the long-term profitability of the most
intensive fruit orchards is loss of fruit quality as the trees mature (Goedegebure
1981; Parry 1981). The evidence on this point is, however, inconclusive and
will be discussed further in the section on crop physiology where the apparent
contradictions will be resolved.
Taking a broad general view of the changes in production and economics,
two points are clear. First, the replacement of large-tree orchards by intensive
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systems on the dwarfing M.9 rootstock has: (a) greatly increased the yields
per hectare in the early years after planting, and consequently over the orchard
lifetime (of 15-20 years) though yields at maturity are not necessarily much
higher; (b) greatly reduced the labour requirement for picking and pruning,
and hence the total labour cost per kilOgram of fruit; and(c)achieved (a) and(b) at the cost of much higher capital investment in the form of trees and
stakes. The net effect has been to substitute capital for labour and to maximize
income per hectare by investing heavily at planting time. Second, further
increases in density of planting on M.9 rootstock above the basic level of
around 1,000 to 1,250 trees ha- ' lead to increases in cropping, especially in
the early years, at the expense of higher capital investment, but do not further
reduce labour requirements.
V. CROP-PHYSIOLOGICAL ANALYSIS
The most straightfonvard approach to assessing the components of system
productivity in agronomic (non-economic) terms is to look at (a) the efficiency
of solar energy interception, (b) the efficiency with which the energy is used
to produce dry matter, (c) the partitioning of dry matter into biological
components such as fruits, shoots and roots, and (d) further partitioning of
the economic product according to quality grades.
In this review, it is useful to tackle these steps in reverse sequence.
A. Factors controlling the quality of  the  harvested economic
product
The fruit is the harvested product and its commercial value is determined by(a) its flavour and texture - varieties which are poor in these respects cannot
be sold profitably, (b) its storage potential - to give an extended marketing
season, and (c) its size,colour and skin finish - to meet consumer demands.
These attributes are influenced by many varietal and environmental factors
and by cultural practices. The one of greatest relevance to orchard system
design is light intensity (Jackson 1980).
Fruit size, proportion of red-coloured skin, soluble solids content, sugar
content and acidity are all influenced in a favourable way by high light
intensity on the fruits and/or on the adjacent leaves. This influence has been
shown both by correlation studies within trees and in artificial shading
experiments. For Cox, red colouration, dependent on directly photosensitive
ant hocyanin production in the apple skin, as well as on available carbohydrate,
is reduced by levelsof shade which appear to have little effect on fruit size(this latter effect probably being to some extent masked by the concomitant
effect of shading on fruit shed).
The reduction in dry matter content, starch and titrateable acid has effects
on eating quality which are readily detectable. Fruits from the central, shaded,
parts of trees frequently lack the flavour:characteristic of the variety.
Light intensity also influences the numbers of fruits produced. The shaded
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parts of trees produce relatively few flower buds and a relatively small
proportion of the buds sets fruits. The net effect is that dry matter production
is reduced in shaded parts of trees, a relatively small proportion of the
assimilates is partitioned to the fruits, and many of the fruits arc of low
commercial quality.
Among other system-related factors influencing fruit quality are (a) effects
of rootstock on fruit quality — the fact that M.9 increases fruit size more than
other rootstocks being particularly important, and (b) the influenCe of age of
fruiting wood on fruit size — fruits borne as axillaries on one-year-old wood
and on very old spur systems typically being smaller than those on spurs on
3- and 4-year-old wood.
B. Factors controlling dry matter partitioning
There is ample evidence that rootstocks have a major effect not only on dry
matter production by the scion (the dwarfing effect) but also on cropping in
relation to growth, that is on partitioning.
In general, fruit trees on the dwarfing rootstocks flower more profusely,
and set larger crops of fruit early in their lives, than 'do trees on the more
vigorous rootstocks (Ilatton 1927), while at maturity they have a higher
proportion of fruit buds to vegetative buds and also improved fruit set. The
net effect is typified by the finding of Preston (1958) who noted that the ratio
of total accumulated crop to weight of trunk and branches of Cox trees
grubbed at 22 years of age was I .8 for trees on 1M.16 (vigorous), 4.8 for trees
on M.2 (semi-vigorous), and 8.3 for trees on M.9 (dwarfing).
•he relative fruitfulness of trees, that is their ratio of fruit crop to vegetative
growth, is also increased by (a) exposure to high levels of solar radiation,
which increase flowering and fruit set, (b).minimal pruning — heavy pruning
essentially stimulates vegetative growth rather than cropping, (c) tying
branches down towards the horizontal instead of allowing them to grow
upright — horizontal branches grow less vigorously, are more floriferous and
set fruits more readily (Champagnat & Crabbe 1974), and (d) using growth
retardants, particularly those which interfere with gibberellin biosynthesis
and check shoot growth while increasing flower production (Quinlan &
Richardson 1984; Williams 1984).
C. Efficiency of solar energy interception
The efficiency and effectiveness with which solar energy is captured are
functions of overall orchard geometry, which is defined by the orchard system
as well as by the density of the canopy and its foliar characteristics.
The fraction of the available solar energy which is intercepted GO can be
calculated from:
F = F.— Fra.e'l (2)
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where Fr,,n is the fraction of the available light which would be intercepted
by non-transmitting trees or hedgerows of the same shape and arrangement,
K is a light extinction coefficient (0.6 for apple) and Lis (1..A1)/(a.). Details
are given by Jackson and Palmer (1979, 1981) and Jackson (1981).
Fn., can be calculated from knowledge of hedgerow heights and dimensions
and solar angles and azimuths for direct light and also for diffuse light
distributions (Jackson & Palmer 1972). Where the tree form and arrangement
are too difficult to define mathematically, a physical system for measuring
F„,n may be possible.
Values of Fmax for a wide range of hedgerow dimensions and configurations
at different times of year and latitudes have been published by Jackson and
Palmer (1972) and Jackson (1981). Values of both and of F for a range
of canopy densities have been published by Jackson and Palmer (1980) and
Palmer (1981).
Given that fruit bud formation, fruit set, size, colour and eating quality are
all adversely affected by shade, it is also of interest to calculate the volume of
canopy which is, on average, irradiated above specified levels. This calculation
can be done by using the equation:
LI = Fmn [(In 1)/( —K)] (3)
where 1 is the specified level of irradiance and 11 is the leaf area index of that
part of the canopy that is illuminated above the 'specified level. The volume
which is 'well illuminated' can then be calculated, as long as leaf area per unit
tree volume is known (Jackson & Palmer 1981; Jackson 1981).
The implications are (a) that both the maximum yield potential and the
maximum production of good quality fruits are limited by F„m when this is
less than unity (continuous cover), and (b) that a given leaf area index (on an
orchard basis) will be more efficient in light interception the greater the value
of Fri., with which it is associated. Typical values of for hedgerow
orchards of differing geometries are shown in Figure I.
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FIGURE I . Hypothetical north-south orientated hedgerows, sh wing the fraction of
available light which is intercepted annually at 52°N, assuming that the
hedgerows act as solid objects.
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D. Overall implications of the•crop-physiological analysis
Evaluation of the recent changes in orchard systems in these crop-physiological
terms leads to the conclusion that there has been a significant gain in productiv-
ity through the use of dwarfing rootstocks which, in particular, has increased
the proportion of assimilates allocated to economic yield. The higher yields
of the Cox hedgerow systems on M26 compared with those of the more
vigorous trees on MM.11 (Parry 1981) must have been due to differences in
partitioning, because both ground cover and height, and hence potential light
interception, were much greater on the latter. The partitioning efficiency or
'harvest index' of trees on M.9 can be very high. Hansen (1980) showed that
the fruits represented more than 70% of the total dry matter increment of 4-
and 5-year-old trees of Golden Delicious on M.9 rootstocks. Barlow (1971)
reported on a long-term study of total dry matter production (fruits, leaves,
trunks and branches, prunings and main roots) of trees of the apple cultivar
Laxton's Superb. Over the 13 years of the trial, more than 70% of the dry
weight of the trees on M.9 rootstocks had been in the fruits, as opposed to
40-50% of that of the trees on M.16. Such high values of partitioning to
fruit are not usually attained with Cox, but further progress on assimilate
partitioning at the systems level is dependent on finding the appropriate ways
forward in terms of systems components - by research on clonal selection,
rootstock selection, tree management and plant growth regulator use. For the
globally dominant varieties, such as Golden Delicious, there does, however,
seem to be little possibility to incrtiase their overall system productivity by
further increasing the proportion of assimilates allocated to fruit.
The question is, therefore, Whether total potential productivity, in terms of
light interception and dry matter production, has been and can continue to
be increased.
The answer as far as commercial systems are concerned is that, as a result
of the much higher densities of planting, light interception in the early years
has been greatly increased. There is, apparently, no published information
on light interception by traditional orchards of round-headed trees in their
early years, but Jackson and Palmer (1972) reported that 38% of available
light was intercepted by trees of Golden Delicious/M.9 planted at 3,780 trees
ha-1 in single rows in their second year, while at the same age only 11% was
intercepted by a (more vigorous) Cox/M.26 and Egremont Russet/MM.106
orchard at 961 trees ha-1 (Jackson 1975). Similarly, Verheij and Verwer
(1973) showed that a 7-year-old Golden Delicious orchard on M.9 at a spacing
of 3mx 1 m intercepted 67% of the available light; while an orchard of the
same age on M.2 at a spacing of 4.25 m x3.50 m intercepted only 55%.
This rapid progress in improving light interception in the early years is
being achieved in two ways. The first way is by planting trees which are
already tall, with a large number of lateral primary branches, at the time of
planting. These branches are available as the result of improved nursery
practices, including chemical treatments which temporarily break apical
'dominance. The second way is .by planting these trees at higher densities,
either in hedgerows or, more recently, in multi-row systems, so minimizing
tractor alleyways and maximizing F„,a. As is clear from the equations given
earlier, E„,a is greatest per unit of leaf area when the trees are evenly distributed
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over the orchard surface, and multi-row and bed-systems are a move in this
direction .
Much less progress is being made in increasing light interception by
orchards at maturity; in fact, the reverse is probably occurring. Jackson and
Palmer (1972) reported 81% interception by old-fashioned, round-crown, 5 m
tall apple trees, spaced at 5.9 m x5.9 m and overlapping each other over the
tractor aller.vay. In contrast, good, modern hedgerow orchards generally
intercept between 55% and 70% of the available radiation. Verhefi and Verwer
(1973) concluded that higher values were associated with loss of yield. This
loss of yield at high levels of light interception may, however, result from
poor tree and orchard design under crowded conditions, with uncontrolled
vegetative shoots in the upper parts of the trees shading the fruiting zone
excessively. This situation could be rectified by appropriate management.
Jackson (1978) showed, for Golden Delicious on M.9, that yield was a linear
function of light interception between 20% and 60%, with a yield of about
60 t ha-1 at the latter interception levels. Within 'meadow orchards', which
have a virtually continuous cropping canopy and hence, presumably, very
high light interception, yields of almost 100 t ha-1 of Golden Delicious have
been achieved at Long Ashton in the cropping year (Luckwill 1978).
The reason that light interception, even in modern multi-row systems
(Wertheim  et al.  1985), is still under 70% is that, under conditions of even
moderate shade, fruit quality is reduced, particularly fruit colour, and, under
more severe shade, fruit bud initiation and set are de6reased. Both of these
disadvantages were minimized in the meadow orchards mentioned above
because Golden Delicious is a green apple (not requiring light-dependent red
colouring) and because the biennial harvesting of all shoots results in fruit
bud formation occurring on well-exposed wdod — but that system has its own
disadvantages of biennial cropping and very high planting costs. When
conventional trees are planted at very high densities, shade from the current
season's growth, especially that at the top of the tree, becomes excessive. Such
growth shades the older, fruiting, zones .of the trees, and Jackson (1978)
calculated that an orchard of otherwise optimal density with 4,773 evenly-
spaced trees ha-1 of Golden Delicious/M.9 grown as typical spindlebushes
would have a leaf area index of 0.43 above the uppermost fruits. This leaf
area would intercept about 18% of the available light before it reached the
cropping zone. To meet this problem, there is increasing interest in  (a)  tying
down branches, including current-year's shoots, (b) summer pruning, to
remove the current-year's shoots, in ultra-high-density orchards, and (c) the
use of plant growth retardants to check shoot extension (Quinlan 1981).
A complementary approach to this removal or suppression of the outer
vegetative canopy is to attempt to deepen the productive zone by overcoming
the adverse effects of low light intensity on fruit quality and yield. Because
red colour formation is the most sensitive of all quality parameters to shade,
selection of 'coloured sports' which need less exposure to light is a high
priority. There is also a possibility of using plant growth regulators to induce
a greater degree of fruit bud initiation under shaded conditions.
Effects of higher densities of planting on fruit size are complex. Substitution
of the dwarfing rootstocks, M.9 and M.26, for the more vigorous rootstocks
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in itself leads to an improvement in fruit size (although moving still further
down the vigour scale to M.27 reduces the size of Cox and Golden Delicious
fruits). The choice of pruning system, to tailor the trees to a more restricted
space, also has an influence because an increase in the proportion of fruits on
either one-year-old wood or old spurs reduces fruit size. Shade also reduces
fruit size directly but if, as seems almost certain, this is a consequence of
reduced carbohydrate supply, then this should be overcome by fruit thinning
to bring the ratio of fruits to assimilate supply back in balance. It would
appear, therefore, that developments in management echniques should enable
fruit size to be retained as density of planting is increased. However, some of
the potential treatments may have interactive effects. For example, summer
pruning to increase the light available to the fruits and their adjacent leaves,
which supply most of their photosynthates (Hansen 1969), also removes a
proportion of the total photosynthesizing leaf surface.
VI. THE INTER-RELATIONSHIP BETWEEN CROP-
PHYSIOLOGICAL AND ECONOMIC FACTORS  RE  APPLE
PRODUCTION SYSTEMS
The evolution of systems which attain high levels of light interception, and
hence yield, earlier in their lives than hitherto, not only increases the lifetime
productivity of the orchard, hut also alters the distribution of output value
over time in an economically advantageous way. This is because, following
the logic of discounted cash flow analysis, output early in the life of an orchard
is more valuable than later output. This point is pirticularly important at
present, given the historically high level of real interest rates. Where, as is
generally the case, these earlier returns are obtained by using higher planting
densities, the same logic works against the intensive systems, and it is clear
that the high cost of trees and stakes is a constraint on further intensification.
Research to lower the cost of planting materials is thus of the highest priority.
Also, the first step in intensification — the move from large-tree to dwarf-tree
orchards — was accompanied by special advantages.resulting from use of the
M.9 rootstock (giving greater floral bud production, better fruit set and
increased fruit size) which contributed to a higher 'harvest index'-. Such
benefits will not attend further intensification, which must rely solely on
density-induced changes in the cropping pattern over time and the final
cropping level.
Rapid attainment of a high value of.Fr„,,, with minimal within-tree shading
can be obtained by growing tall, thin hedgerows, or trained, angled or
horizontal canopies, on vigorous rootstocks, as well as by planting large
numbers of potentially small trees. Essentially, Fr,w, is determined by the
proportion of ground surface directly covered by the trees and by their
shadows integrated over the, season. It is therefore a function of 'covered
ground' plus the proportion of the alleyway surfaces which are shaded, the
interception of diffuse light being rather similar to that of direct light in these
respects under English conditions.(Jackson & Palmer 1972). In order to
intercept more than 60% of the light otherwise falling on an alleyway, the
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flanking hedgerows need to be at least twice as tall as the clear alleyway is
wide, if the hedgerows are of the desirable, tapering, cross-section. Even this
gives an Fm,,, of only around 80%, and it is clear that shorter hedgerow trees,
found in most commercial fruit orchards, yield appreciably below the potential
level (Jackson & Palmer 1980). Tall hedgerows (such as in the English pillar
and the Italian palmette systems) can be much cheaper to establish than high-
density, short-tree plantings, and operations on them, such as harvesting, can
readily be aided mechanically. The major difficulty with this tree form has
always been that of controlling the vigour.of the upper part of the trees and
preventing excess shade and poor fruiting and branch replacement at the base.
The availability of very effective plant growth retardants should make such
systems more attractive.
At the more general level, it is clear that, for apple, tfiere has been a massive
switch of resources from labour for tree management to capital at planting
time. It is questionable, given the currently high real interest rates and
availability of labour, whether this trend will continue. The importance of
fruit quality, which can be improved by labour-intensive treatments such as
summer pruning, may even tend to sWitch the emphasis back towards more
detailed tree management. Further reductions in labour inputs may, however,
still be achieved by the use of plant growth regulators to reduce the need
for pruning and, possibly, by increased Mechanical aid for pruning and
harvesting.
VII. RELEVANCE OF APPLE SYSTEMS ADVANCES TO
OTHER FRUIT TREE CROPS
Among the other temperate :fruits, pears seem very likely to follow the same
pattern of movement to intensive systems of production as have apples, with
two significant differences. First,. pear fruits are less shade-sensitive than
apples, so planting at high densities should carry fewer risks and drawbacks.
Second, the only truly dwarfing rootstock currently available, Quince C, does
not have specific advantages equivalent to those of M.9 for apple. It tends, in
particular, to give small fruits in comparison with the semi-dwarfing rootstocks
available.
Plums and cherries, particularly cherries, are characterized by very poor
partitioning compared with apples. Cherry trees on the standard rootstocks
(eg F12/1 and Colt) grow more rapidly than typical, commercially grown,
apple trees but cropping levels are much lower. The major development here
is likely to be the use of truly dwarfing rootstocks, compact scions or chemical
growth control, to permit a move towards hedgerow orchards similar to the
apple orchards planted in the 1970s.
Peaches have several characteristics which suit them to a revolutionary
change in cropping system. Some of the varieties root well from hardwood
cuttings and, if the shoots•are cut back after cropping, a new shoot can grow
and differentiate flowers in the same season in warm climates f Erez 1981). It
is therefore possible to grow them in an annual-cropping meadow orchard
system. If the initial commercial ventures succeed, peach or nectarine could
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well be transformed into a cheaply established high-density crop with an
annual cropping cycle. It will therefore have followed cotton as far as the
'rattoon' stage in the progress from a perennial to an annual crop.
VIII. RELEVANCE OF FRUIT TREE SYSTEMS TO
OTHER TREE CROPS
Clearly, the concept of high-density planting of high-quality planting material,
in order to exploit rapidly the resources of soil and solar radiation, has direct
relevance to nut trees and others, such as rubber, which yield an annual
harvest. Economic considerations may also be similar for the different crops,
although some of the special factors relevant to fruit tree crops may not apply.
In particular, the value of dwarf trees, which can be hand-harvested from the
ground and easily pruned, is not universally applicable to non-fruit tree
species.
The definite stimulus to growth, presumably as a result of mutual shelter,
which occurs in the early orchard years as a consequence of close planting
may be of wider general relevance.
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NOTATION
A total assimilation rate mol m -2 s-1
C carbon dioxide concentration Amol mol-
c,  molar heat capacity of air at constant pressure  .1 mol- I IC:"
D water vapour saturation deficit of the air kI'a
Da, equilibrium saturation deficit of the air (defined by equa-
tions 5 and 15) kPa
D,,„, imposed saturation deficit of the air (defined by equa-
tion 3) kPa
E total transpiration rate mol ITI-2 5-1
EN equilibrium transpiration rate (defined by equations 4 and
13) mol T11-2 5-1
E mlp imposed transpiration rate (defined by equations 2 and
14) mol 171-2 S-I
Et evaporation rate of intercepted water mol r11-2 5-1
e  partial pressure of water vapour kPa
 
saturation vapour pressure of water at leaf temperature kPa
460
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g surface conductance mol rn-2 s-'
P
 atmospheric pressure kPa
R.
 net radiation flux density j r11-2 ri
S
 flux density of heat into storage in canopy and soil J  M-2 s-'
s
 slope of the relation between saturation vapour pressure
e* and temperature kPa K- '
 
 carbon dioxide compensation concentration p.mol moV '
y psychrometric constant  (c.P/i)
 kPa K.-,
A molar latent heat of vaporization of water J mo1-1
e
 s/y =  Cil(Pc,)
 dimensionless
I/ the  'omega factor'  or decoupling coefficient (defined by
equations 8 and 16) dimensionless
subscripts
a a property of the ambient air outside the leaf boundary layer
as . for the pathway from canopy surface to the independent
reference level
b for the pathway from leaf surface to ambient air
c a canopy property
i at the level of instrument placement
1 a leaf surface property
m a property of the mixed layer of the planetary boundary layer
o a property of the notional canopy surface
s for the pathway through the stomatal pores
w at the mesophyll cell walls
I. INTRODUCTION
We usually understand a crop to be vegetation that is managed by man to
produce a particular product. The management usually includes cultivation
of the soil, planting, tending in various ways and harvesting, and to facilitate
these operations the plants are generally grown in a regular pattern, such as
in rows, pure stands or simple mixtures. We ire used to talking about
agricultural crops and we have a fairly clear idea of what we mean. A number
of species of shrubs and trees have also been grown as crops for a very long
time in orchards (eg olives, apples, cherries) and in plantations (eg tea, coffee,
rubber). Commercial forestry has been moving progressively from exploitation
of natural forest, through tending of natural forest, to the intensive manage-
ment of completely artificial plantations, sometimes on very short rotations.
Plantations of forest species have many similarities with fields of agricultural
crops, and recently foresters working with tree plantations have described
themselves as tree farmers. Foresters and agronomists share similar manage-
ment problems, concerning, for example, spacing, fertilizer regime, irrigation
and pest control; and these problems concern similar biological issues such
.as canopy structure and radiation interception, carbon assimilation and alloca-
tion, fertilizer requirements, water loss and sensitivity to water stress. We
might, therefore, expect substantial rapid advances to be made in our under-
standing of the functioning of tree crops, and in our identification of individual
tree and stand ideotypes, by directly extrapolating many of the ideas and
concepts that have been developed by agronomists. As this conference shows,
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such advances have been made in orchard and plantation crops, perhaps
because the development of these crops has generally been in the hands of
agronomists. With forest crops, there has, regrettably, been a hold-up in the
transfer of information and ideas from agronomy into plantation management,
probably largely because foresters and agronomists follow separate educational
and career paths. This separation has its roots in the historical origins of the
two professions and is largely maintained today by a sense among foresters of
the uniqueness of their problems.
Some of the differences between forest and agricultural crops are obvious,
and do not have fundamental biological consequences — such as their perennial
and annual habit. Other differences do have fundamental biological conse-
quences, and, in this chapter, I shall focus on one such difference, namely
that trees are tall, whereas most agricultural crops are short (ie less than I m
in height). To show how' tallness affects the functioning of crops, I shall
introduce the concept of coupling between leaves and the atmosphere, and
the 'omega factor' (see below). Later I shall show that this concept provides
useful insights (a) when extrapolating from experiments — in growth rooms,
glasshouses or small plots — to field conditions, (b) when making' crops out of
plants that may grow as isolated individuals in the wild, and (c) when designing
crops made up of mixtures of species.
H. COUPLING BETWEEN LEAVES AND THE
ATMOSPHERE
A. The concept of coupling
By reason of its height, tall vegetation generates more turbulence than short
vegetation, has a larger roughness length (Szeicz et al. 1969), a larger `low-
level' drag coefficient (Jarvis & Stewart 1979) and is said generally to be
aerodynamically rough (Thom 1975). Also, because of its height, a tall canopy
is in a higher windspeed regime than a short canopy and this, combined with
a larger drag coefficient, gives nail canopy a much lower boundary layer
resistance than a short canopy (Stewart & Thom 1973). Consequently, the
leaves in a tall canopy experience a more turbulent and faster air-stream than
the leaves in a short canopy. In general terms, we may say that the leaves in
a tall canopy are well coupled to the air around about them, and that the air
within the canopy is well coupled to the atmosphere overhead.
Monteith (1981) defined coupling in the following way: 'Two systems are
said to be coupled when they are capable of exchanging force, momentum,
energy or mass. — The coupling of an organism to its environment can be
described by a set of analogous circuits, each describing the transport of a
specific entity — if the resistance between A and B in a circuit is much smaller
than the resistance between B and C, then A and B are said to be "tightly
coupled" '.
To obtain an intuitive appreciation of what this definition means, consider
a leaf in an air-stream (Fig. 1A). If the conditions of temperature, vapour
pressure, vapour saturation deficit and carbon dioxide concentration at the
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surface of the leaf were the same as in the ambient air-stream, there would be
perfect coupling between the two. This would be approached if the leaf were
extremely well ventilated, so that the boundary layer was very thin, and any
fluxes  through the leaf surface were very small.
•--111001,
FIGURE I. A diagram to illustrate A. a perfectly coupled leaf and B. a completely
decoupled leaf.  1)  is saturation deficit, and C is carbon dioxide concentration. The
subscript I  indicates values at the leaf surface, and the subscriptavalues in the ambient
air-stream. IC, is net radiation,  Q  is photosynthetically useful shortwave radiation,  H
is sensible heat transfer, AE, is latent heat tiansfer and AI is assimilation of CO,. The
box around the leaf in B isolates it from the air-stream above so that sensible and latent
he.at are continuously added to, and CO, removed from, the encloied volume.
At the other extreme, consider a leaf completely isolated from the air-stream
by an Infinite resistance (Fig. IB). Because of the input of radiation, heat and
water vtipour will be continuously added tosthe air around the leaf, and carbon
dioxide will be removed from it, So.that the temperature and humidity of the
air will rise and its CO2 concentration will fall. This leaf is completely
decoupled from the ambient air-stream: In practice, complete decotipling
does not occur: there is always some exchange across the walls of the box in
Figure 113, however short and dense the crop and low the windspeed. The
degree of coupling or decoupling that occurs in practice can be 'expressed
quantitatively on a scale between these two extremes. To define this scale we
consider transpiration from a leaf. By analogy, the saine argument may be
applied to assimilation by a leaf and to the exchanges of water vapour and
CO2 by a canopy (Monteith 1963).
B. Transpiration from a leaf.
Although stomatal conductance, boundary layer thickness, temperature and
saturation deficit vary over the surface of a leaf, in the following discussion
we shall assume a leaf with uniform properties over its surface. The rate of
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transpiration from an isothermal, hypostomatous1 leaf  (E1)  is exactly given
by:
El= g je t =  g,DIP (1)
where g, is the stomatal conductance per unit area of the surface containing
stomata, - el] is  the usual drop in water vapour pressure across the stomatal
pores,  DI  is the saturation deficit at the surface of the leaf and  P  is atmospheric
pressure (Jarvis & McNaughton 1985). It is useful to work in terms of
saturation deficit, because this takes into account both the heat and water
vapour fluxes at the surface. For a leaf perfectly coupled to the atmosphere,
the saturation deficit of the ambient air is imposed at the leaf surface, so that
we define a transpiration rate  imposed by the ambient air-stream  (E1,,,,p) as:
Et.imp = gspl,rmriP (2)
where, in the limit of a perfectly coupled leaf,
Dump =  D.  (3)
At the other extreme, of a completely decoupled leaf, transpiration proceeds
at a rate dictated by the receipt of net radiation and approaches the limit often
called the equilibrium rate  (ISI.)(eg  Slatyer & McIlroy 1961; McNaughton &
Jarvis 1983). For a hypostomatous leaf with uniformly distributed net radiation
(R,,)  and boundary layers of equal thickness on its two surfaces:
Ere., =12c1[(e+2),1] (4)
where Å is the molar latent heat of vaporization, and  c  is the change of latent
heat content relative to the change of sensible heat content of saturated air,
defined explicitly in the list of symbols. The saturatimi deficit at the surface
of a decoupled, hypostomatous leaf also approaches an equilibrium valuC
(DLN)  that is given by:
A.=yeRd[(c+2)c,„gd (5)
where y is the psychrometric constant and cp is the molar heat capacity of air
at constant pressûre (Jarvis & McNaughton 1985).
The transpiration rate normally • operates sOmewhere between the two
extremes represented by equations  (2)  and (4), the saturation deficit at the
leaf surface,  DI,  expressing the degree of coupling. For all but a perfectly
coupled leaf,  DI  is clearly not an independent variable. If, for example, the
stomatal conductance of all the stomatal pores changes, so that  g,  changes
significantly, the rates of transpiration and sensible heat flux will change
together with the gradients'of temperature and vapour pressure across the leaf
boundary layers. An increase in  g„  for example, will lead to an increase in
humidity, a decrease in temperature, and thusa &Crease in  DI at the  leaf
surface. A wholly independent reference saturation deficit, unchanging with
changes in transpiration rate, will only be found further away from the surface,
outwith the leaf boundary layer.
We may describe transpiration in terms of the imposed and equilibrium
components with the following form of the combination equation:
Et= aEl"+(1-121)Isi,„,p  (6)
and the saturation deficit at the leaf surface by:
A hypostomaious kaf has stomata in its under (abaxtal) surface only, whereas an amphi-
stomatous leaf has stomata in both its surfaces,
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= (7)
where  fli  is a decoupling coefficient now known as the  'omega factor'.  For a
hypostomatous leaf with boundary layers of equal thickness,  111 is defined by:
al= (r+2)1(e+2+2gdg,). (8)
Jarvis and McNaughton (1985) also give a set of definitions of  Di,  EI  and (2,
for symmetrical amphistomatous leaves.
fil  is a dimensionless factor that can assume values between 0 and I,
depending on the degree of coupling, or, more appropriately, the degree of
decoupling. For a perfectly coupled leaf, as in Figure lA, flu = 0; for a
completely decoupled leaf, as in Figure 1E, f21= 1E. It is essentially a
weighting factor that describes the extent to which transpiration is made up
of the equilibrium and imposed components as shown in Figure 2. When  .01
is close to zero and coupling is strong, the transpiration rate is dominated by
the imposed component and depends on the ambient saturation deficit and
the stomatal conductance. When 111 is close to 1.0, the transportation rate is
dominated by the equilibrium component, and depends on the net radiation
receipt, but is not sensitive to the stomatal conductance.
E
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FIGURE 2. A diagram to show how the equilibrium ( ) and imposed
(---) components of transpiration add up to give the total transpiration of a leaf
( ). Thc equilibrium rate on the left ordinate, set by net radiation, is combined
with three different imposed rates on the right ordinate, set by saturation deficit and
stomatal conductance.
Jarvis and McNaughton (1985) showed that the responsiveness of transpira-
tion to a small, fractional change in stomatal conductance is given by:
dEVEI= (I— flodglg,. (9)
Thus, for perfect coupling  (.01=  0), a small change in  g,  results in an equipro-
portional change in transpiration rate, whereas for complete decoupling a
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small change in stomata! conductance has no effect on transpiration. At
intermediate values of DI, transpiration is controlled hy  g,  with intermediate
effectiveness and shows varying dependence on net radiation and ambient
saturation deficit.
The value of a depends on both the boundary layer and stomata! conduc-
tances (see equation 8). A large boundary layer conductance minimizes the
gradient of saturation deficit across the boundary layer and results in strong
coupling between DI and D.. Thus, values of Di are smaller at higher
windspeeds than at lower windspeeds, and small leaves have smaller values
of 0, than large leaves (Table I). Large stomata! conductances, on the other
TABLE I. Some examples of the omega factor for hypostomatous leaves(a) of
different sizes in different windspeeds (for details, see Jarvis & Mc Naughton 1985).
Small leaves, at high windspeeds, are most closely coupled to the atmosphere (ie  .01
is smallest)
hand, minimize the gradient of  D  through the stomata so that DI tends towards
zero. "l'otake an extreme example, for a wet leaf, ic with infinite  g„ DI is zero,
irrespective of the values of D. or  gb.  Thus, the degree of coupling increases
with stomata! closure. It is noteworthy, too, that hypostomatous leaves have
smaller values of DI than do amphistomatous leaves, other things being equal
(Jarvis & McNaughton 1985). It may be significant that most trees have
hypostomatous leaves so that, (inthis account, their transpiration would be
more sensitive to change in  g,.
C. Photosynthesis by a leaf
A parallel set of concepts may be applied to coupling between the concentration
of carbon dioxide at the leaf surface (CI) and that in the ambient air-stream
(C;). Concentration, in this context, is expressed as the molar fraction of CO,
in air. Over the normal range of ambient CO, concentrations, assimilation of
carbon dioxide (.41) increases almost linearly with increase in thc average CO,
concentration at the mesophyll cell walls within the leaf (C.,), as shown in
Figure 3A. The locations of the series of CO, concentrations across the leaf
boundary layer, and through a stomatal pore, are shown in the diagram of
the system being considered in Figure 3B. C„ is a pivotal concentration that
depends on the fluxes of CO, to and from the mesophyll cells and the supply
of CO, through the stomata. How a particular value of C„ is the result of
these fluxes is also shown in Figure 3A. The CO, concentration at the leaf
surface, CI, depends on both  C.  and L. Combining these supply and demand
27. Transpiration and assimilation of tree crops 467
yk
g- g. \ '
n C. a C.
Intercellular CO2 concentration C.
C.
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FIGURE 3.
A. The relationship between assimilation rate of leaves of Picea ritchensis (AOand
the average CO, concentration at the mesophyll cell walls in the Intercellular
spaces (C..). Superimposed are CO, concentrations along the pathway from
ambient air (CO to leaf surface (C1) to mesophyll wall (C.), leading to the
assimilation rate indicated by •. The supply functions areshown by the dashed
lines, the slopes of which give gb and g, as shown. The heavy solid line is the
demand function, the initial slope of which gives the mesophyll conductance (g,.).
B. A diagram of the system around a single stoma to show the location of the
concentrations, conductances and fluxes.
functions for carbon dioxide with the light requirement of photosynthesis
leads to complete models of assimilation (eg Reed et al. 1976). As with
transpiration, we may derive from such a model parallel expressions for
'imposed' and 'equilibrium' assimilation rates. For a leaf perfectly coupled to
the atmosphere (Fig. I A), the CO, concentration of the ambient air is imposed
at the leaf surface like D.. For a leaf completely decoupled from the ambient
atmosphere (Fig. I B), C, falls to ri and the net influx of carbon dioxide
through the stomata becomes zero. The assimilation of carbon dioxide into
the photosynthetic carbon reduction (PCR) cycle then equals the evolution of
carbon dioxide through the photosynthetic carbon oxidation (PCO) cycle and
the concurrent daytime component of 'dark' respiration through the TCA cycle(Fig. 3B). The net influx of carbon dioxide when assimilation is proceeding at
the equilibrium rate is zero, but the fixation of carbon dioxide into the PCR
cycle continues at a rate that is dependent on radiation and temperature. As
with transpiration, the degrec of coupling determines the primary driving
variables and the effectiveness of stomatal control.
D. Transpiration from plants in the field
In the field we are concerned with transpiration from individual plants, groups
of plants in clumps, and large areas of crops with a continuous canopy. We
can regard an individual plant as a collection of the leaves we have just
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considered, and continue to use the argument so far developed, as long as the
ambient saturation deficit is not affected by a change in the transpiration rate.
When the foliage is grouped together, it may be necessary to move the
reference location further away from the leaf surfaces for A to remain
independent , and this results in a smaller boundary layer conductance. When
a number of plants are grouped together, the saturation deficit in the vicinity
of the leaves certainly becomes influenced by a change in g, and El.
If the stomatal conductance of most of the leaves in an extensive crop
changes, the consequent changes in the fluxes of heat and water vapour from
the individual leaves combine to change the saturation deficit in the vicinity
of the leaves. As the scale increases from leaf to plant, to a group of plants
and to an extensive canopy, it becomes necessary to move further and further
away from the leaf surface to find a reference location where the saturation
deficit is again independent of changes in stomatal conductance and transpira-
tion rate.
Let us now consider an extensive crop with a well-developed internal
boundary layer extending across the surface layer above (McNaughton &
Jarvis 1983) (Fig. 4). With some reservations (see Jarvis & McNaughton
g.
+tE. R._ac
-
Mixed layer
Internal boundary layer
E, A,
CD.
-
L
V
FIGURE 4. A diagram to show thc location of the CO2 concentrations, saturation
deficits and conductances referred to in the text. On the left is shown a short agricultural
crop, and on the right is a tall tree crop. The notation is given at the beginning of this
chapter.
1985), we can treat such an extensive canopy in an analogous manner to an
individual leaf with convective heat and water vapour transfer from one side
only (the 'big leaf' model), and express transpiration from the canopy as:
E,  = 0),M.  (10)
The canopy conductance (ge) is usually taken as the unweighted total of the
stomatal conductances of all the leaves, although this is not without criticism
(Jarvis & McNaughton 1985), and A is a notional surface saturation deficit
within the canopy boundary layer. A reference saturation deficit, (D.),
and
where
and
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unchanging with changes in the canopy conductance, is now found in the
mixed layer above the surface layer (Fig. 4), and a canopy boundary layer
conductance or resistance (r„) is defined from the notional crop surface out
to this reference location. Mc Naughton and Jarvis (1983) showed that about
one-third of this resistance may occur abovethe level where instruments are
usually sited, with the result that r„ is usually substantially under-estimated.
With these definitions, transpiration from the whole canopy can be expres-
sed in an analogous form to the equations for a single leaf as follows:
E, = (11)
Do= apc,+(i - a)D n,
= (12,—S)d[(e+1)A], (13)
&ono= goa rIP, (14)
Do"= ye(Ro—S)/[(e+l)cmgo) (15)
(e+ 1)/(e-i- 1+g.dgc). (16)
•he sensitivity of a change in transpiration to a fractional change in canopy
conductance is, as before, given by:
dE/E, = (I — a)dgig,. (17)
IZ is a decoupling coefficient exactly analogous to .111 but always larger than
171, because the total conductance from leaves in a canopy to the unchanging
reference above is always smaller than the conductance across the leaf bound-
ary layer alone.
Some typical values of 12, are shown in Table II. These are likely to be
under-estimates, because of the under-estimation of rt, referred to earlier,
but they clearly show large differences between tall, aerodynamically rough
vegetation and short, smooth crops in the degree of coupling to the air
overhead.
TABLE II Some examples of average values of
the omega factor (a) for vegetation of different
heights (for details see Jarvis & McNaughton 1985).
Tall canopies are most closely coupled to the atmos-
phere (ic 11 is smallest)
Vegetation Height
(m)
Grassland 0-2 0-8
Wheat 0-5 0-6
Cotton 1-3 0-4
Pine woods 15 0- I
(12)
Putting these values of a into equation (11) shows that transpiration from
tree crops is dominated by Ec,,mp whereas, in complete contrast, transpiration
from agricultural crops is dominated by Ec„. Putting appropriate values of
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a into equation (17) shows that a small, fractional change in g, would be
expected to bring about an almost proportional change in the transpiration
rate of tree crops, whereas it would have little effect on transpiration from
agricultural crops. In other words, transpiration from tree crops is expected
to follow the saturation deficit of the ambient air-stream closely and to be
sensitively controlled by canopy conductances, whereas transpiration from
agricultural crops is expected to follow the net radiation closely and to be
relatively insensitive to small changes in canopy conductance.
In support of the first contention, Figure 5 shows transpiration from two
adjacent stands of Anus sylvestrisincreasing with increase in the saturation
0-4
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Ternpecature 15°C
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FIGURE 5. The relation between transpiration rate (Er) and saturation deficit just
above the canopy(D,) for two stands of Pinus sytvennswith leaf area indices of (a) 3-1
and (b) 2-4. Thc four straight lines show the expectedtranspiration rates at the constant
canopy conductances indicated (10 (from Whiteheadel a). 1984).
deficit of the air above the stands. The two stands had similar stomatal
conductances most of the time, but rather different canopy conductances
because of different leaf area indices. The curves are curvilinear, rather
than linear, as implied by equation (14), because the stomatal conductances
declined somewhat at the higher saturation deficits. In support of the second
contention, Figure 6 shows transpiration from pasture increasing with increase
in the net radiation. In another study, Van Bavel (1967) showed that transpira-
tion by alfalfa was quite insensitive to large changes in canopy conductance
induced by water stress: a ten-fold increase in canopy resistance only halved
the rate of transpiration (see Jarvis & McNaughton 1985). Recently, Baldocchi
et al. (1983) showed that a five-fold increase in stomatat resistance of soybean
reduced transpiration by only one-third, and, as expected, this was associated
with a substantial increase in saturation deficit measured just above the crop.
While evidence of this kind can be adduced to support the contentions
advanced, this correlative approach has serious limitations (Jarvis 1981).
Because saturation deficit is often significantly correlated with net radiation,
it is quite possible to obtain significant correlations between the transpiration
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FIGURE 6.  Mean hourly rates of actual transpiration (o) and evaporation (•) from a
grazed grass-clover mixture in relation to the equilibrium rate (see Mctiaughton &
Jarvis 1983 for details).
of tree crops and net radiation, and between the transpiration of agricultural
crops and saturation deficit. Because stomata] conductance is usually corre-
lated with solar radiation, and hence with net radiation, it is not unusual to
obtain significant correlations between the transpiration of agricultural crops
and stomata! conductance. Furthermore, because, in many species, stomata]
conductance declines at high saturation deficits, good correlations between
transpiration rate and saturation deficit or stomatal conductance may not be
obtained with particular tree crops. Consequently, the only sure way to
determine the contribution of the several variables to the control of transpira-
tion is to estimate a.
E. Photosynthesis by a canopy
The concept of coupling between the CO2 concentration at the leaf surface
a.nd that in the ambient air may be extended to leaves in a canopy in a similar
manner to the coupling of saturation deficit. When the assimilation rate of
many or all of the leaves in a canopy changes, C. will change as a result.
Cs cannot, therefore, continue to be regarded as an independent reference
concentration. As previously, an independent reference concentration (Cm)
must be found further out in the mixed layer above the canopy, separated
from the effective surface of the canopy — where there is a notional surface
concentration (C.) — by the total convective conductance across the surface
layer (g.,) (Fig. 4). If the canopy is aerodynamically rough, and the windspeed
high, or the rate of assimilation (A r) low, C. is strongly coupled to C.,: if the
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FIGURE 7. A  diagram of the relationship between canopy assimilation and CO,
concentration to show how the fall in carbon dioxide concentrations from the mixed
layer (Cw), to the canopy surface (CO, and to the sites of photosynthesis, affects the
assimilation rate, indicated by Solid lines: a tall, strongly coupled canopy such as
a tree crop; dashed lines: a weakly coupled canopy as in a field crop.
canopy is aerodynamically smooth, and the windspeed is low, or  A,  high, C„
is largely decoupled from Cr, and will find a value much closer towards
the canopy compensation concentration (rc), dependent upon the rate of
assimilation.
There is a close parallel between the coupling of C„ and the coupling of Do
to a reference in the mixed layer above a canopy. However, there is a
substantial difference in the maintenance of Cm and  13,n. Maintenance of  13„,
in the mixed layer results from encroachment and entrainment of drier air
through the capping inversion at the top of an unstable planetary boundary
layer, and this follows as a direct consequence of the fluxes of heat and water
vapour at the vegetation surface. In contrast, the maintenance of C„„ by
addition of CO, from above, passively follows the entrainment of heat and
water vapour and is not the result of feedback from the surface flux of CO2.
In a strongly coupled canopy, the CO, concentration among the foliage
would not depart appreciably from the reference concentration, whereas in a
poorly coupled canopy this CO, concentration would tend towards rc. Thus,
the measured value of C„ could provide a good indication of the degree of
coupling. There is, however, a major problem in assessing the degree of
coupling by comparison between C„ and Cr, or rc. Measurements of Co are
usually compared with concentrations measured only one or two metres above
the canopy and are often expressed as a difference from such concentrations.
Because a large pan of the convective resistance across the surface layer is
located above such an upper measurement level (McNaughton & Jarvis 1983),
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the assumed reference concentration is usually substantially too low and the
full extent of the depletion is not evident in the data.
Another consequence of measurement close to the canopy is that wide
diurnal fluctuations in CO, concentrations, sometimes exceeding
100 p.mol mot-1, are frequently measured over crops like maize and rice (eg
Uchijima  et al.  1967; Takasu & Kimura 1978). While very large diurnal
variations, of several hundreds of  anal  mo1-1, generally reflect changes
from a stable night-time atmosphere to unstable daytime conditions, large
fluctuations in unstable conditions indicate that the so-called reference level
is much too close to the canopy.
Concentrations of CO, in the atmosphere are known accurately for several
locations for the past 25 years. In the northern hemisphere, the average annual
concentration at the present time, for example, is  ca  343mmol mol- with a
seasonal variation between summer and winter of about ±6p.mol mo1-1,
depending on latitude. We may, therefore, estimate likely concentrations in
the mixed layer, although they do, of course, vary with local conditions and
the passage of weather systems. Making use of such information, it seems that
carbon dioxide within the canopy may be depleted by 90 p.mol moN in maize
crops (eg Uchijima  et al.  1967; Lemon  et al.  1969; Uchijima & Udagawa
1978). Smaller, but nonetheless appreciable, depletions of over 60 mmol mol-
have been measured within the canopies of C3 crops such as red clover (Lemon
1967), rice and soybean (eg Takasu & Kimura 1971, 1972). In contrast, in
coniferous forest plantations (eg Jarvis  et al.  1976) and in deciduous forest
with overstorey and understorey (eg Yabuki  et al.  1978), depletions rarely
exceed 5 and 10 ktmol mol- ', respectively. In multistorey tropical rain forest,
however, much larger depletions of up to 40 p.mol mol- seem possible (Allen
et al.  1972).
Still larger depletions of CO, concentrations within field crops have been
estimated using a detailed model of carbon dioxide exchange (eg Uchijima
1976; Uchijima & Udagawa 1978). The same model has also been used to
show that assimilation by the canopy of field crops should increase with
windspeed, essentially because of the stronger coupling to the atmosphere
that results, and this is supported by results of Yabuki and Aoki (1978).
How closely a concentration of 240 limo! mar' in a C, crop, or
260 ittnol mol- ' in a C3 crop, approaches r,  is hard to say.  r,  for a crop must
be much higher than  r  for a single leaf, because of the much larger amount
of daytime respiration going on in a crop by the non-photosynthetic, structural
and meristematic tissues and by the soil. However, there arc no measurements,
or even estimates, of  r,  for crops.
In tree crops, the carbon dioxide concentration in the canopy is strongly
coupled to that above, so that assimilation, like transpiration, should be
effectively controlled by the canopy conductance, and hence by changes in
stomatal resistance. In agricultural crops, however, assimilation is likely to
be much less dependent on canopy conductance, because of the feedback
between assimilation and G„. So, in agricultural crops, assimilation, like
transpiration, is strongly dependent on radiation. In the soybean crop men-
tioned earlier (Baldocchi  et al.  1983), the five-fold increase in stomatal resist-
ance was associated with only a 50% reduction in assimilation rate. It is
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noticeable that this reduction was larger than the 30% reduction in transpira-
tion, emphasizing another essential difference between transpiration and
assimilation with respect to coupling. In this instance, the increase in stomatal
resistance was caused by water stress. The larger effect on assimilation than
on transpiration emphasizes the point that the rate of assimilation depends on
both the supply and the demand functions for carbon dioxide. As would he
expected from physiological experiments, the effect of water stress is to depress
the demand function as well as to close stomata. A rigorous treatment of
coupling with respect to assimilation does, therefore, require a more complex
model than may be used for transpiration.
F. Evaporation of intercepted water
Large amounts of water may be evaporated from wet canopies both during
precipitation and after precipitation has ceased. The evaporation of such
intercepted water may bc a major component of the total loss of water from
the vegetation, and may have a major influence on the subsequent availability
of water for agronomic and hydrological purposes (Jarvis & Stewart 1979).
The saturation deficit at the surface of leaves that have free water on their
surfaces is zero, irrespective of the ambient conditions, and is not, therefore,
related to the saturation deficit of the air above. Thus, wet leaves are decoupled
from the atmosphere above, with respect • to the criterion adopted here.
However, the saturation vapour pressure at the wet surface depends on the
ambient temperature and on the fluxes of net radiation, heat and water vapour
at the surface, with the consequence that the evaporation of intercepted water
is the simple sum of equilibrium evaporation and a transport component(Monteith 1965), as follows:
=  t(Rn—s)/[(e+1),1]+g„D,A(c+1)/3].
 (18)
While there is some variation among crops in net radiation relative to solar
radiation, equation (18) shows that the evaporation of intercepted water
depends very strongly on the total convective boundary layer conductance,
gu,  up to the reference saturation deficit,  D„„  in the mixed layer. There are
few estimates of boundary layer conductance up to such an independent
reference. Most estimates extend upwards only as far as instruments placed
some metres above' the crop and are, therefore, over-estimates of the total
conductance (McNaughton & Jarvis 1983). Nonetheless, from the figures
available for various crops (see especially Monteith 1976), the boundary layer
conductances of tree crops are of the order of 0.1 m s'', whereas the boundary
layer cOnductances of agricultural crops are one-third to one-eighth of this(Jarvis 1981).
Thus, rates of evaporation of intercepted water from tree crops are likely
to be high in comparison with rates of evaporation from agricultural crops(Fig. 8). Although it is usually cloudy and very humid during andimmediately
after rainfall, rates of evaporation of intercepted water from temperate forest
plantations are very similar to the rates of transpiration in good weather — about
0.2 to 0.3 mm h' ' in both cases (McNaughton & Jarvis 1983). Comparable data
for evaporation rates from agricultural crops are hard to find, perhaps because
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FIGURE 8. The relation between the rate of evaporation of intercepted water (El)and
boundary layer conductance(g.,), at a range of saturation deficits (D,). The ranges
of likely boundary layer conductances for grass, heath, shrub and forest canopies are
shown. The shaded area includes the likely rates of evaporation from wet tree crops
(from Jarvis & Stewart 1979).
agronomists don't usually work in the rain or, more likely, because the rates
are actually very much smaller (eg Fig. 6). In two much quoted cases
(McMillan & Burgy 1960; Waggoneret al. 1969), evaporation rates from small
areas of a crop on a lysimeter artificially sprinkled with water were measured
on a fine sunny day. Such measurements do not, of course, provide realistic
estimates of the rates of evaporation of intercepted water to be expected in
cloudy weather when the entire immediate landscape has been wetted by
rainfall. From evidence like that in Figure 6, rates of evaporation of intercepted
water from treecrops are about three times the rates from agricultural crops,
because of the hig difference in boundary layer conductances.
III. SOME CONSEQUENCES
Transpiration, evaporation of intercepted water, and assimilation of carbon
dioxide, by plants in the field depend on the degree of coupling between the
plants and the atmosphere. The degree of coupling determines what are the
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main driving variables arid what are the most effective controls acting on the
processes. It follows that an awareness of similarity or differences in the degree
of coupling is of great importance (a) when comparing different kinds of
vegetation with respect to these processes, (b) when extrapolating from an
experimental situation to a field cropping system, and (c) when making
changes in the management of a crop. A few examples of the relevance of
coupling to particular situations will now be considered.
A. Making new crops
Tropical agroforesters might consider domesticating new crops for semi-arid
regions from plants that are growing there naturally (Huxley, this volume).
Plants might be selected that have useful attributes and seem to be well
adapted to semi-arid conditions, and then brought into intensive cultivation
as crops. This procedure has obvious merit if suitable species can be found,
but it also carries a hidden problem related to the present considerations.
Likely looking plants will probably be found growing naturally in ones and
twos or in small groups. The leaves on isolated individual plants will always
be more closely coupled tb the atmosphere than leaves on similar plants
growing in a crop: the value of IlL is always larger than .01 for similar leaves.
The rates of transpiration and assimilation of a relatively well-coupled plant,
growing apart from other plants, are likely to proceed at predominantly
imposed rates, and so be driven by the ambient conditions of saturation deficit
and CO, concentration, and controlled effectively by the stomata. Such plants
may well have become adapted 16 their environment by developing particular
stomatal responses to environmental stresses.
When such plants are brought into cultivation and planted close together
as crops, transpiration and assimilation will tend towards equilibrium rates
and become more dependent on radiation receipt and less on stomatal conduct-
ance. In tree crops, such change will be small, and transpiration and assimila-
tion will continue at predominantly imposed rates. In agricultural crops,
however, the change may be large: isolated plants may be strongly coupled
to the atmosphere whereas plants making up a crop are likely to be largely
decoupled. Simply growing plants together as a crop rather than as separate
individuals changes the main driving variables and reduces the effectiveness
of stomata! control. Adaptations that plants may 'have acquired to survive as
individuals may help them little when they are grown as an extensive crop.
A sensitive response of the stomata to, say, saturation deficit may effectively
cobserve water for isolated plants but have only little influence on transpiration
from an extensive crop made up of similar plants. The selection of plants for
domestication must, therefore, be based on their performance when grown
as a crop rather than as individuals.
B. Experimentation
For the results of an experiment to be applicable to an extensive field crop,
coupling in the experiment should be similar to coupling in the crop. This is
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often not the case and is responsible for the frequent 'discovery' that exper-
imental results may not be applicable to extensive crops in the field. In growth
rooms, for example, the saturation deficit and carbon dioxide concentration
of the air are set by the operator and imposed on the plants. The feedback
loop between the ambient conditions and the fluxes at the leaves is broken —
deliberately. Such experiments may well yield relevant results for trees, but
they are unlikely to do so for field crops, because transpiration and assimilation
are then driven to a large extent by inappropriate variables. A notable case
in point is the application of anti-transpirants, which successfully reduce
transpiration in growth rooms, but which are ineffective when applied to
agricultural crops in the field. In glasshouses, in contrast, transpiration tends
towards the equilibrium rate, because ventilation is usually poor, giving the
impression that stomata are much less effective than they are in the field,
especially in tree crops.
Similar problems can arise with experiments on potted plants in the field.
If the potted plants do not form part of a crop, as in the extensive experiments
by Briggs and Shantz and their colleagues (eg Briggs & Shantz 1916), the
leaves are likely to be much more tightly coupled to the ambient air than if
the plants were in an extensive crop. The results obtained will not be
representative of performance in an agricultural crop, although they may be
a better approximation for a tree crop. Even when potted plants are placed
within the crop (eg Denmead & Shaw 1962), the results may be unrepresenta-
tive if the experimental plants have transpiration or assimilation rates that
differ widely from the rates of the rest of the crop. In a strongly decoupled
crop, the saturation deficit and CO2 concentration within the crop will be
largely determined by feedback between the local conditions and the fluxes
at the leaves of the majoritycomponent. This problem arises particularly in
experimental arrangements in largely decoupled crops in which a small area
of the crop is treated differently from the rest. Examples that are common
today include lysimeters, rainfall covers, controlled irrigation treatments,
chemical treatments and variety trials. Single plant or tree plots, and small
plots of any kind, are particularly likely to give misleading results on this
account.
C. Mixing species
Mixtures of species have been advocated for a number of reasons, including
conservation of water. Here, I shall briefly consider mixtures of species of
similar habit in agricultural crops, and mixtures of species of widely different
habit, as in agroforestry.
In a largely decoupled agricultural crop (with large 12,), changes in the
transpiration and assimilation rates of one component of a mixture (as a result
of water stress, for example) will lead to changes in the rates of transpiration
and assimilation of the other components of the mixture. The overall transpira-
tion rate is externally set by the receipt of net radiation: if, for example, the
transpiration rate from one species declines a small amount as a result of
stomatal closure, the transpiration rate from the other species will increase
to compensate for this reduction. The distribution of transpiration among
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individuals will be changed, hut the overall rate will remain about the same.
Where roots are differentially distributed through the soil horizons, this
process may lead to the most effective use of the soil water, but the overall
consequence for the availability of water to the different species is not intuiti-
vely obvious. In mixtures of tree crops, on the other hand, where transpiration
and assimilation proceed at imposed rates, a reduction in rates by one
component of a mixture will not be compensated by increases in rates by the
other components, so that, in the case of transpiration, a definite economy of
water will result, although whether one component will benefit more than
another is, again, not clear.
In agroforestry, the foliage of the different components of the mixture is
distributed in the vertical dimension, as is the foliage of herbaceous and woody
species in the under- and overstorey in forest plantations. Much more complex ,
vertically stratified mixtures of species occur in natural woodland, particularly
tropical rain forest . In these situations, the overstorey of emergent tree crowns
is strongly coupled to the atmosphere above, whereas it seems likely, in most
cases, that the understorey is almost completely decoupled, like an extensive
field crop. Stanhill (1973) gives an example of this situation in an orange
orchard. We would, therefore, expect transpiration from the overstorey to
proceed at close to the imposed rate, and transpiration from the ground
vegetation, and lower layers of the canopy in multilayered forest, to proceed
at close to the appropriate equilibrium rate. Thus, transpiration from the
overstorey would incrcase with increase in leaf area of the tree crowns, and,
because this would diminish the penetration of net radiation to lower levels,
transpiration from the understorey would be expected to decline (Jarvis 1985).
Although there is little information on the distribution of transpiration among
components within multilayered mixtures, there is good evidence to suggest
that transpiration from forest plantations of variable spacing and with different
amounts of understorey is very conservative (Roberts et al. 1982; Roberts
1983). It remains to be determined whether this is also the case in agroforestry,
but there would seem to be good reasons for supposing that the tree component
should not be regarded as a wholly additional drain on the water resources.
In short, agroforests may use about the same amount of water in transpiration
as would be used by pure stands of the components.
IV. SOME CONCLUSIONS
Tree crops are generally strongly coupled to the atmosphere, whereas agricul-
tural field crops are not. As a result , tree crops have effective stomatal control
over their rates of transpiration and assimilation, and they use atmospheric
carbon dioxide efficiently.
A major consequence is that there is less risk in extrapolating from most
experimental conditions to the field for tree crops than for agricultural crops.
However, particular care must be taken when extrapolating from experiments
done in glasshouses.
A major question is the depth to which strong coupling extends within
multilayered forests, particularly tropical forests, where there are several
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storeys of tree crowns. The extent to which the ground vegetation is decoupled
in forest plantations and in agroforestry plantations also needs resolving.
Because transpiration and assimilation in tree crowns proceed at close io
the imposed rate, they depend strongly on the leaf area present. As a result,
there is considerable need for demographic studies on leaf recruitment and
mortality, and for physiological studies on leaf growth and development in
tree canopies. This need is greater for trees than for field crops, but much
less work has been done on trees, largely because of the practical difficulties.
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I. INTRODUCTION
The design of cropping systems requires that we understand not only (he
physiology and genetics of individuals, but because we grow plants in stands,
also the nature of interactions among individuals. There are at least three
reasons for this requirement. First, although high stocking densities reduce
the growth of individuals, low stocking densities may under-utilize the site and
therefore reduce yields; for a given combination of species and environment we
must know how to balance these two factors. Second, competition has resulted
in the evolution of a certain degree of resource allocation among individuals
and species; more efficient land use may be achieved by understanding and
exploiting such co-evolutionarY relationships. Third, yields in genetically
heterogeneous tands are likely to be better buffered against pests, pathogens,
and climatic changes than those of genetically homogeneous tands; however,
economic trade-offs between the short-term gainsthatwe often associate with
genetic homogeneity and the yield stability provided by genetic heterogeneity
cannot be evaluated until we understand the genetic and environmental factors
influencing plant community dynamics.
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This paper is divided in two sections, 'Observation and experiment' and
'Theories and models.' In the first, I discuss what we know about the influence
of competition on stand structure, the growth and form of individuals, and
the growth of stands; I also deal with the ecology and genetics of competition
— specifically, the question of resource alkwation between species and between
genotypes of the same species. In the second section, I briefly discuss some
of the ways we go about organizing our observations into models and theories.
I deal only with forests; for a discussion of agroforestry systems, see Cannel!
(1983).
II. OBSERVATION AND EXPERIMENT
'You can learn a lot by just looking' (Yogi Berra, famous American sportsman
and philosopher).
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FIGURE I. Relationship between average stem diameters and skewness of the dia-
meter frequency distributions in 20- to 25-year-old  Pseudotsuga menzIrsii stands in the
Oregon Cascades (unpublished data). A similar relationship existed for average tree
heights.
A. Competition and stand structure
Even-aged populations of most plant species follow a similar developmental
pattern, which can be characterized by (a) the frequency distribution of
individual plants sizes within the population, and (b) the relation between
size of the average individual and stocking density.
In the early stages of stand development, plant weights are distributed
normally, but with time the distribution becomes positively skewed or lognor-
mal (ie has a preponderance of small plants, Ford  1975; Mohler a al. 1978;
Kohyama & Fujita 1981 ). Diameter and height distributions may move from
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normal to negatively skewed before eventually becoming positively skewed(Gates 1982). Skewness in the diameter distributions of  Pinus radiaza planta-
tions studied by Gates et al.  (1983) changed from 0 (normal) to negative and
back to positive within 25 years. In 20- to 25-year-old Pseuclatsuga menaiesii
stands in the Oregon Cascades, diameter and height distributions tend to
positive skewness in stands with relatively small trees and to become progres-
sively more negatively skewed as the average tree size increases (Fig. 1; actual
distributions in these stands are shown as insets in Fig. 5). Apparently, rapid
early growth by a few individuals (sprinters) in each stand establishes the
early positive skewness, but as slower early growers (stayers) catch up the
distribution becomes negatively skewed.
It is not necessary to invoke competition to explain the characteristic
lognormal size distribution of plant populations: it results from exponential
growth of individuals within initially normally distributed populations (Koy-
ama & Kira 1956; Koch 1966). However, competition is likely to reinforce
and perhaps to magnify any hierarchy in plant sizes. When mortality reaches
about 50%, a bimodal distribution mav develop which probably indicates that
'one-sided' competition has occurred — ie large trees have suppressed smaller
ones, but small trees have competed very little with larger ones (Ford &
Newbould 1970, 1971; Ford 1975). One-sided competition occurs where light
is  the  primary limiting factor (Ford & Diggle 1981); where water and nutrients
also are limiting, competitive interactions may become more symmetric.
As competition intensifies during stand development, suppressed plants
eventually die, and 'self-thinning' begins. Usually, a constant proportion of
the total plants die in any given time period, so that plant numbers decrease
exponentially with time, but Kohyama and Fujita (1981) found that, as stands
aged, a decreasing proportion of trees died in subalpine Abies forests of Japan.
Once self-thinning has begun, the relationship between average plant size
and stocking density is characterized by the self-thinning law' (reviewed by
White 1980; Westoby 1984), stated mathematically as:
log W =  c—x log  p
 (I)
where * is the average plant size (eg weight or volume),  p  is the stocking
density, and  c  and x are constants. The line described by equation 1 represents
a ceiling on average plant size at any given stocking density. When a population
is self-thinning, any increase in individual plant size is accompanied by a
decrease in stocking density; the resulting trajectory, a negatively sloped
straight line when expressed on a log-log scale, is the self-thinning line.
The self-thinning law has two remarkable properties. First, although the
intercept and slope of the line vary among species, the magnitude of variation
is quite small. In White's (1980) tabulation of 36 species, ranging from annuals
to trees, slopes (x)  varied between — 1-30 and — 1-80 (with most between —1-4
and —1-6), and intercepts  (c)  varied between 3-06 and 4-41. Second, within
a given species, there seems to be little site-related variation in the intercept
and slope of the self-thinning line. The only significant exception detected so
far is that shading can lower the slope of the line.
The intercept of the self-thinning line may tell us something about competi-
tive interactions. For instance, tree species with narrow crowns tend to have
larger intercepts than those with spreading crowns (Harper 1977), suggesting
484 D. A. Perry
that more narrow- than broad-crowned trees of a given size can be packed on
to a piece of ground - a very logical proposition.
The slope of the self-thinning line reflects the relationship between mortality
and the growth of surviving trees, a steeper (more negative) slope indicating
greater growth per unit of mortality than a shallower slope. 'Greater growth'
may mean either more total biomass added or more biomass allocated to the
plant part measured, such as the hole. Change in total biomass with density
may be quite different from that in any single biomass component, and the
various biomass components may, in turn, differ from each other (Mohler  et
al.  1978; 1lutchings 1979). Self-thinning lines based on leaf weight tend to
have slopes close to -1-0, which is appreciably shallower (less negative) than
those of lines based on total biomass or other biomass components (Mohler
et al.  1978; I Iutchings & Budd 1981). This difference reflects the fact that the
maximum leaf area on a given site may be reached relatively early in the
self-thinning process; thereafter, although total stand biomass continues to
increase, total leaf biomass remains constant (Long & Smith 1984).'
What does the slope of the thinning line tell us about the competition
process?  It  is tempting to argue that the growth increment accompanying
mortality is a response to reduced competition, and that steeper (more nega-
tive) thinning lines reflect more intense competition. IIowever, by the time a
suppressed individual dies, its passing is likely to be little noticed by surviving
dominants (Ford 1975). West and Borough (1983) demonstrated this fact for
stands of  Ptnus  radiata,  whose self-thinning lines have slopes approaching
-1-5 only if suppressed individuals are counted as mortality.
In my opinion, the self-thinning trajectory has a great deal to tell-us about
the dynamics of the competition process; and the message must be read, as
all of nature's ciphers, by a combination of theory and experiment through
which the underlying dynamic processes are unravelled.
B. Effect of competition on individual tree growth
Competition influences •both the growth of individuals and how this growth
is distributed. Much of the direct effect of competition on growth is mediated
through its impacts on  (a)  the amount of carbon fixed per unit leaf area, and
(b) crown size and structure. It is well known in agriculture that net assimila-
tion rates (NAR, dry matter production per unit leaf area) decline with
increase in leaf area index (LAI); Figure 2 shows this effect for stemwood
production of various forest stands in Washington state (Schroeder  et al.
1982).
As a stand approaches full leaf area, branch production is reduced, and
self-pruning causes the base of the crowns to shift upwards (eg Cochrane &
Ford 1978). Because of increased internal shading, branch mortality may be
greater on large trees than on small ones (Oker-Blom & Kellomaki 1982).
Bole increment is often greatest at the crown base (Hall 1965; Brix 1983);
' A self-thinning slope of — I means that the weight of an individual changes with density such
that the iota/ stand weight remains constant. Slopes steeper (more negative) than —I reflect an
increase in total stand weight during self-thinning.
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FIGURE 2. Relationship between (a) stemwood production and (b) leaf area index,
in seven conifer stands in eastern Washington (from Schroederei al. 1982).
therefore stem form is likely to be altered during this process as well. Ford
(1982) found that the onset of competition in a  Picea sitchensis plantafion was
accompanied by a decline in both stand productivity and projected needle
area index (from 10-11 at age 16 to 7-8 at age 18).
•rees, like other plants, can compensate somewhat for shading. Shade
leaves of  Castanea sativa  have greater surface/weight ratios and more chloro-
phyll per unit weight than sun leaves (Ford & Newbould 1971).Kellomaki
and I lari (1980) found that trees ifi the lower social positions of  Pinus sylvestris
stands had greater height and radial growth rates than dominants, at least
partially because of lower respiration rates and higher leaf area/leaf weight
ratios.
What about the trees that are winning the competitive race? Their crowns
become larger and broader, which means they accumulate more photo- .
synthetic machinery and are able to fix more carbon. However, respiration
by the 'infrastructure of stems, branches, and roots that accompanies larger
crowns usually means decreasing productive efficiency. Maintenance respir-
ation by large trees may be much greater than indicated by studies of woody
respiration on small trees, which are relatively efficient at recapturing respired
carbon (Waring & Schlesinger 1985). Rook and Carson (1978) found that the
respiration rates per unit area of the lower bole of a seven metre tall  Pinus
radiata  tree were four times greater than those of an equal surface area of
leaves.
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Assmann (1970), reviewing European research on coniferous and deciduous
tree species, concluded that, within any given social stratum, trees with small-
to medium-sized crowns have larger wood increments per unit crown (or
ground) surface area than trees with large crowns. The improved light
environment of the emerging dominants. however, tends to offset declines
due to greater respiration. For instance, in  Pinus sylvestns  plantations there is
only a small decline in wood increment per unit crown surface area with
increase in tree size among dominant trees, whereas there is a very sharp
decline among codominant and dominated trees (Fig. 3). Mayer (1957, cited
in Assmann 1970) showed similar relationships in  Quercus petruea  stands.
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FIGURE 3.  Change in wood increment per unit of crown surface area with increasing
stem diameter at breast height, for trees in three SOCial classts within Pinus sykestns
plantations (adapted from Assmann's 1970 summary of Badous 1945).
Trees in thinned stands respond in much the same way as emerging
dominants in unthinned stands. •he needleibranchwood weight ratio was
1.50 in thinned  Pinus contona  stands, compared with 2.36 in unthinned stands
(Cary 1978), so that the latter had nearly 60% more photosynthetic tissue per
unit of respiratory tissue. Trees in 43-year-old  Pseudotsuga menztesii  stands
planted at close spacings had . larger ratios of crown surface arca to crown
volume than trees planted at wide spacings (Curtis & Reukema 1970; Fig.  4).
Volume increment per unit of crown surface area was 22% greater in heavily
thinned than in densely stocked stands of  Picea abies  (Burger 1939, cited in
Assmann 1970), but, when increment was measured per cubic metre of crown
exposed to direct light, efficiency in the densely stocked stand was nearly
twice that in the thinned stand.
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FIGURE 4. Crown surface areas and crown volumes of trees in 43-year-old Pseudotsuga
rnenziesti stands planted at different densities adapted from Curtis and Rcukema
1970).
Despite the range of plastic responses available to dominated trees, high
levels of competition reduce growth. Relative growth rates (RGRs) decline
sharply with decreasing social status in  Picea sitchensis (Ford 1975) and  Pinus
rachata (West & Borough 1983) plantations. Figures 5A-D (unpublished data)
show the relation between competition levels and the RGRs (2-year basal area
growth relative to basal area at the start of the 2-year period) of trees in various
size classes in four  Pseudotsuga menziesii stands in  the  Oregon Cascades. All
are about 20 years old and are mixtures of planted and natural trees. Plots in
each stand were thinned three years before measurement, to leave a range of
size classes. Competitive levels in unthinned plots were measured as relative
density (RD), or stocking density relative to the maximum theoretically
attainable at a given mean stand diameter at breast height, the latter taken
from Reineke's (1933) maximum density line for  P. rnenziesi
Unthinned plots of the stand shown in Figure SA have an average RD
of  0.22;  competition is not severe enough to produce competition-related
mortality, small trees have larger RGRs than large ones, and thinning pro-
duced no 'release' — ie, despite the strong positive skewness of diameters(inset), no size class is suppressed. The stand shown in Figure 5B is probably
in the early stages of competition-related mortality (RD = 0.54). Diameters
are negatively skewed, but RGR differs little among social classes and responds
only slightly to thinning. Note that diameters are distributed normally in this
stand. As I suggested earlier, the greater growth efficiency (larger RGRs) of
small trees enables them to catch up with fast early growers. In the stand
shown in Figure SC (RD = 0-75). trees in the lower diameter classes are clearly
suppressed and respond strongly to' thinning. Note, howevet:, that the RGR
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FIGURE 5. Relative growth rates (RGRs) of  Pseudotsuga menzzesii trees of different
stem diameters in thinned (open circles and dashed lines) and unthinned (closed circles
and solid lines) plots in four stands of different 'relative densities' (RDs); thinned plots
were cut three years before measurement.
RGR = basal area growth over the past two years relative to basal area at the
start of the two-year period; RI) = actual stocking density relative to the theoretical
maximum. Insets show, for the unthinned plots, the diameter-density point relative to
thc themetical maximum stocking density (Reineke 1933) and the diameter frequency
distributions. The scales on the insets are: 0-20cm diameter (DBH), 0-8100 trees
ha: i and 0-40% of trees.
of trees larger than 12cm in diameter does not increase following thinning, a
clear example of one-sided competition. The stand shown in Figure 51)
(RD= 0-87) is probably experiencing competition-related mortality, and man-
ifests the same pattern of suppression in the lower size classes as the stand in
Figure 5C. The response to thinning in Figure 5D suggests that, under these
superdense conditions, the growth of larger, as well as of smaller, trees may
have been reduced; however, stand density before thinning was not as high
in the thinned as in the unthinned plot of this stand, so the interpretation is
confou nded.
Cannell et al. (1984) reported changes similar to those shown in Figure 5
in RGR patterns for height in stands of Pinus contortaand Picea sitchensis.
RGR was initially negatively correlated with tree height (cf Fig. 5A), but, as
competition intensified, the correlation became positive (cf Figs 5C, 1)).
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C. Environment and competition
The environment can have profound, and surprising, effects on the competi-
tion process. This fact may be illustrated by differences in the response to
thinning of 15- to 20-year-old stands of  Pseudotsuga menziesii growing in
varying topographic positions in the Oregon Coast Range (Perry, unpub-
lished). Whereas the RGR of trees growing on steep slopes (50-80%) increases
after thinning, RGR actually decreases after thinning on shallow slopes! There
are several plausible hypotheses that may explain this phenomenon, including
thinning 'shock', increased root rot, decreased mycorrhizal formation, and
high water tables. The evidence supports the last hypothesis - that is, the
removal of leaf area results in decreased evapotranspiration, a rise in the water
tables, and a subsequent reduction in tree growth. Clearly, we must be very
careful whcn extrapolating competitive interactions from one environmental
setting to another.
D. Crown characteristics and competition
The fact that dry matter production per unit leaf area (net assimilation rate,
NAR) is a trade-off between photosynthesis and respiration suggests that the
degree of competition among individuals, at a given stocking level, depends
on their crown characteristics. A simple model illustrates this point. Assume
that:
NAR -
 (2)
LAI
where  P  is gross photosynthesis per unit leaf area in the absence of competition,
LAI is leaf area index, and  R  is respiration per unit leaf area. As noted earlier
(Fig. 2) NAR is inversely related to LAI. It is assumed that  R  is independent
of LAI.
Consider two hypothetical stands (Fig. 6), both with gross photosynthetic
rates (/') of 40 g M-2 day - ', but one consisting of large-crowned individuals
with a base respiration rate of 10 g m-2 day- ', the other of small-crowned
individuals with a respiration rate of 5 g rn-2 day- (these numbers are
arbitrarily chosen). At any given leaf area, the small-crowned individuals have
larger NARs than the large-crowned ones, and, though the absolute difference
between the two is a constant 5 g M-2 day-1 (the difference in respiration
rate), the relative difference between them increases with increasing LAI.
Now, suppose we thinned the small-crowned stand from LAI 4 to 2 (Fig. 6,
points A to B). NAR would initially increase, but, as the stand returned to
full site occupation (measured by LAI), the NAR would shift toward that of
the large-crowned trees. By the time the original leaf area was regained (point
C), the trees would, of course, be larger, but they would have smaller NARs
than before thinning.
Brix (1983) may have seen this effect in thinned and fertilized plots of
Pseudotsuga menziesii.  Plots were treated in 1970; within one to two years
stemwood production per unit leaf area was 30%, 7801o,and 135% gieater
than that of controls in thinned, fertilized, and thinned and fertilized plots,
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FIGURE 6. Hypothetical relationships between net assimilation rates and leaf area
indices for two stands composed of trees with small or large crowns (see text).
respectively. I lowever, stemwood production per unit leaf area subsequently
decreased, and by 1977 was at least 20% below that of controls in all treatments.
Unfortunately, Brix's data do not allow LAIs to be calculated, so the reason
for the decline in stemwood production per unit leaf 3rea cannot be clearly
identified.
E. Effects on carbohydrate allocation
Competition has important influences on carbohydrate allocation and tree
form other than its effects on crowns.. It is a conventional wisdom in forestry
that growth in stem diameter is more affected by changes in stand density
than growth in tree height. In  Picea sitchensis, the most dramatic effects on
height/diameter ratio occur at the highest initial stocking levels (Jack 1971).
Assmann (1970) found that differences in height/diameter ratio among l'icea
abies  stands, thinned to different levels, increased with age to a certain
point, beyond which they tended to disappear. Thus, competition altered the
temporal pattern, rather than the absolute amount, of height relative to
diameter growth.
Species differ in the relative response of height and diameter growth to
competition. Height growth of  Pinus contorta, for example, is very sensitive
to stocking density (Holmes & 'Fackle 1962), whereas that of  Larix occidentalis,
its  close ecological associate, is little affected (Seidel 1977). In  Pseudotsuga
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menziesii  stands, trees within the same social class differ greatly in
height/diameter ratio, suggesting that considerable genetic diversity exists
within species. As I shall discuss later, genotypes within the same population
differ in their response to competition.
Competition can influence the chemical composition of trees. Lower photo-
synthesis probably results in reduced allocation of photosynthates to those
chemical constituents that are most energy-expensive. This effect is likely to
differ with species, site, and season, but a rough idea of priorities can be
gained from the grams of glucose required to synthesize one gram of various
compounds in  Pinus taeda: lipids,  3-02 g; phenolics, 1-92 g; lignin, 1-90g;
nitrogenous compounds, 1-58 g; organic acids, "1-43g; and carbohydrates,
1-13g (Chung & Barnes 1977). The more expensive compounds include
important defensive chemicals, such as terpenes and tannins, which have lipid
or phenolic precursors. Density stress does, at least in some cases, increase
tree susceptibility to insect herbivores (Mitchell  et al.  1983).
The production of fruits and seeds is likely to be curtailed by stresses of
any kind. Flower bud production is sharply reduced by shading in most fruit
trees (Cannell 1983; Jackson, this volume). Seeds of some species, such as
Acer saccharinurn, Quereus rubra,  Pinus strohus, and  Pinus palustris, contain a
high proportion of energy-expensive fats and/or proteins (Kramer & Kozlow-
ski 1979); thus, unless the situation becomes so severe that stress-related seed
crops are produced, seed production may well be one of the first things
sacrificed when resources are scarce.
F. The ecology of competition
I.  Stand structure and 'competitive tension'
When we talk about, or attempt to define, competitive interactions, we
invariably refer to effects on individuals, but there are also system-level
implications. One of the robust general principles of plant ecology is the law
of constant final yield — better known in forestry as Langsaetter's relation —
which simply states that over a wide range of stocking densities total yields
are the same (Kira  et al.  1953;I larper 1977). Various caveats accompany this
statement, including the fact that it is not consistent with the self-thinning
law; nevertheless, if we are careful about the time frame within which yields
are compared, it is reasonably accurate.
At high plant densities, mutual interference can decrease community yields:
this is what foresters call stagnation. But most plant communities do not
stagnate because the development of a dominance hierarchy effectively dissi-
pates 'competitive tension' — a process much like that in non-equilibrium
thermodynamic systems, where structure is created and maintained by the
dissipation of energy (Prigogine 1980). Thus, the competition process, through
the heterogeneous stand structure it produces, may play a positive role when
veiwed in the context of the community. Wood production per unit leaf area
in Amazonian forests, for example, is greatest in those stands with the most
complex, aerodynamically rough, canopies (Brunig 1983). It is possible that
the decline in LAI and productivity sometimes seen in rapidly growing young
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conifer plantations (Ford 1982) is due to a build-up of 'competitive tension'
resulting from inadequate expression of dominance.
2. Resource allocation among species
Plants share the same basic resources and therefore would seem to have fewer
options for niche separation than animals, although Taman (1982) has pointed
out that there are far more plant species per limiting 'plant resource' than
animal species per limiting 'animal resource'. Most plant species diversity is
due to small-scale environmental heterogeneity (Harper 1977), although both
the canopy and rooting zone can be vertically stratified (Trenhath & Harper
1973; Yeaton  et al.  1977). Of the numerous studies of species mixtures,
relatively few have found that yields of mixed species differ significantly from
those of:pure stands (Trenbath 1974). However, most of these studies have
looked at plants of similar stature which share environmental resources over
the same time frame (see Cannell 1983). Harper (1977) pointed out that
most (a) were conducted in pots with inadequate soil volumes to allow root
separation, and (b) used agronomic species bred to grow in low-density
monocultures. I wouldadd that they used artificial soil media containing
neither the structure nor the microbial richness of natural soils.
Harper (1977) stated that.'a search for "ecological combining ability" is
most likely to be successful in species or varieties that have been specifically
bred for or evolved naturally toward some degree of niche separation'.
But few studies of combining ability in nonagronomic species have been
conducted; therefore, our understanding of the relationship between struct ure
and productivity in natural systems remains minimal.
Parrish and Bazzaz (1982) found that species from a late successional
community had greater 'ecological combining ability' than species from an
early successional community. Turkington  et al.  (1977) showed that different
legumes formed consistent relationships with certain grass species within
Ontario grasslands, suggesting that selection had occurred for species-specific
neighbours. Both Assmann (1970) and Braathe (1957), reviewing European
experience, concluded that mixing shade-tolerant and shade-intolerant trees
often resulted in greater productivity than when intolerant s were grown alone;
in one series of experiments the yield of  Pinus sylvestns-1; agus sylvatica mixtures
was up to 24% greater than that of pure  P. sylvestris (Assmann 1970). The
same seems true of  Pseudorsuga menziesii-Tsuga heterophylla mixtures in the
Pacific Northwest (Wierman & Oliver 1979). The relative advantage of mix-
tures is likely to vary with site, for instance, the ability of a single species to
dominate and exclude others can he greater at high than at low fertility levels
(Austin & Austin 1980), and soil phi is an important determinant of yield in
Pagus Mvatica-Picea clines mixtures (Assmann 1970). Stand factors also can
be important; Vandermeer (1981) showed that, theoretically, the yield of
species mixtures relative to monocultures depends on the density at which
plants are grown.
In some instances, species packing is increased within plant communities
through 'mediators' such as grazers, pathogens, pollinators, or symbionts
which act selectively (eg Burdon & Chilvers 1974; Yodzis 1976; Ilanley &
Taber 1980). The most striking and consistent examples of increased yield in
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mixtures relative to monocultures are those involving nitrogen-fixing sptrits.
When de Wit  et al.  (1966) grew  Panicum maximum with the legume Glycine
javanica,  they found transgressive behaviour (increased yields in mixtures)
only when  Rhizobium,  the nitrogen-fixing symbiont of legumes, was added.
Thus, niche separation between the plant species was mediated by the bacter-
ium. Rink ley (1983) found that  Pseudotsuga menziesii-Alnus rubra mixtures
were more productive than pure  P. menziesii stands in soils low in nitrogen,
but in soils less limiting in nitrogen this was not the case. In general, where
a symbiont can both decrease competition for some limiting factor and act
symmetrically (not at the expense of one species), transgressive yields may
result. Bowen (1973, 1980, and this volume) suggested that ectomycorrhizas
enabled sparsely rooting species, such as trees, to compete more successfully
with intensely rooting species, such as grasses, which are not ectomycorrhizal.
In that case, alteration of competition by the symbiont (the mycorrhizal
fungus) is presumably asymmetric, because trees gain at the expense of grasses.
However, if the ectomycorrhizas released organic acids which accelerated
solubilization of mineral elements (Graustein et al.  1977) or increased the level
of antibiosis in the soil, then benefits could conceivably accrue to non-
ectomycorrhizal as well as to ectomycorrhizal plants, and competition would
become less asymmetric.
3.  baraspecific competition
Donald (1968) recognized that stands of less aggressive 'crop' ideotypes were
likely to yield more than stands of `isolation-competition' ideotypes, and the
widespreadintroduction of the former was an important part of the Green
Revolution. Ford (1976) and Cannell (1978) have argued the advantages in
forestry of using 'crop' ideotypes, which utilize space efficiently and therefore
have high yields per hectare in stands. In this section, I deal with a different
aspect of the genetics of competition, the allocation of resources among
genotypes of a single species.
lntergenotypic competition is probably the most understudied aspect of
forest growth dynamics (Libby  et al.  1969; Adams 1980). Yields in pairwise
varietal mixtures of agronomic species are generally either complementary
(yield reduction by one variety is balanced by gains in the other) or overcom-
pensatory (yield in mixture is greater than the mean yield of the two mono-
cultures) — which is remarkable, considering that agronomic varieties are bred
for high individual yields (or at least were at the time most experiments were
conducted), and have no history of co-evolution (see Adams 1980).
One approach to studying intergenotypic competition in forests has been
to compare clonal with mixed-genotype stands (Sakai & Mukaide 1967; Sakai
et al.  1968; Hiihn 1969, 1970). Sakai et al.  (1968) suggested that competition
was less in a clonal than in a mixed-genotype forest, but they defined
competition as a reduction in the growth ot one individual relative to a
neighbour, which leads to the absurd conclusion that little competition exists
in a stagnated stand. A more relevant measure of competition is growth
relative to an open-grown standard (eg Riitters 1985), or growth within a
replacement series, in which the proportions of competing genotypes are
varied while the total numbers are held constant (de Wit 1960).
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I am aware of only three experimental tests of ecological combining ability
among genotypes within a single tree species. Adams  et al.  (1973) tested all
pairwise combinations of four  Pinus taeda  families; four combinations pro-
duced overcompensation, four complementation, two neutrality (no difference
between the growth of either genotype in mixture or monoculture), and two
undercompensation (the mixture yielded less than the mean yield of the
monocultures). There was evidence in this study that related genotypes (half-
siblings) were comPetitively neutral. Adams and Demeritt (unpublished, cited
in Adams 1980) found that mixtures of hybrid  Populus  sp. clones were either
overcompensatory (2 of 15 pairs), complementary (4 of 15), or neutral. Tauer
(1975) showed similar relationships among clones of  Populu.s trichocarpa.
With  the exception of Adams  et al.  (1973), these studies suffer the same
limitation as experiments with agronomic plants: they deal with genotypes
which have had no co-evolutionary histonz. If ecological combining ability is
found in even a small percentage of randomly combined clones, the probability
is high that it is a significant factor in the growth of natural forests (cf Adams
1980; I Iiihn 1973). There is evidence supporting this view; the growth of
genotypes in stands is often poorly correlated with their performance in the
open (Franklin 1979; Panetsos 1980), and half-sibling families of several tree
species have been shown to differ greatly in their response to density stress,
particularly in shoot growth and shoot/root ratios (Fig. 7; Malavasi and Perry,
manuscript in review).
Theoretically, evolution will favour stable mixtures of genotypes which
differ in competitive ability only if there is some degree of overcompensation
(ie resource allocation) in their competitive interactions (Schutz  et al.  1968;
see also Stern 1969). The selective forces pushing plant populations toward
resource allocation are sometimes quite strong. This point was illustrated by
Allard and Adams (1969), who showed that wheat cultivars grown in mixtures
for eighteen generations evolved so that they yielded better in mixed stands
than in monocultures. In my opinion, and particularly in view of our current
fascination with clonal forestry, research into the extent and nature of inter-
genotypic interactions should be given high priority.
III. THEORIES AND MODELS
'To give an accurate description of what has never occurred is the
inalienable privilege of any man of parts and culture' (Oscar Wilde).
A. The self-thinning rule
Theories of the self-thinning rule fall into two general categories: those based
strictly on allometry, and those including both allometry and physiology. In
their original derivation of the —3/2 slope, Yoda  et al.  (1963) simply divided
space according to certain rules, namely that: (a) plant weight is a cubic
function of some linear plant dimension such as diameter (or height is linearly
related to diameter), (b) plant geometry remains constant during self-thinning,
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FIGURE 7. The differing responses, in shoot weight and shoot/root ratio, of one-year-
old seedlings of half-sibling families (denoted by different letters) of  Pseudoisuga
menziesii  (A  and B) and  Tsuga heterophylla (C  and D) to density stress (from Malavasi
and Perry, manuscript in review). Seedlings were grown in shade frames at Corvallis.
Similar differences were found among half-sibling families of  Mies nobilis  and  Abtes
amabilis.  All  family-density interactions except those for  P.  mensieni  shoot weights (A)
were significant at the 0.01 level.
(c) increases in plant size are linearly related to increasing increments of
growing space, and (d) the reciprocal of population density is an accurate
estimate of the growing space available to the average tree. Various authors
have pointed out the inaccuracies of these assumptions (Ford 1975; Mohler
a al.  1978; White 1981). White (1981) mustered a great deal of data to show
that the relationship between height and diameter in trees is rarely linear, and
that the relationship between biomass and diameter is not cubic. lie used the
following allometries:
Wocd15and Coda
where W is individual tree biomass,d is stem diameter at breast height, CD
is crown diameter, and  a  is a constant, to derive:
W cc  p— 2'5/2a (3)
where  pis  stocking density. Equation (3) predicts that trees with wide crowns
in relation to stem diameter (ie large values of  a)  thin along a shallower (less
negative) slope than trees with narrow crowns.
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An alternative, slightly more general, derivation is based on the following
allometries (Perry, unpublished):
hoc64.;  and  Wxer
where  h  is tree height, GA is ground arca per tree, E is environmental volume
per tree  (= GA x h), and Q and  Z  are constants. These give:
trocp-ziQ-1: (4)
where Q measures tree height in relation to ground area (the reciprocal of
density), and  Z  above-ground biomass in relation to the environmental volume
that a tree occupies. Values less than 1 for either parameter indicate 'diminish-
ing returns' as the tree gains more space.
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FIGURE 8.  Effec«tf  A. tree height in relation to ground area per tree and B. above-
ground tree biomass in relation to the environmental volume occupied per tree (ground
area x height) on the slope of the self-thinning line C..
Closed circles:  Pseudotsuga menziesii:  good site (52 m tall at age 100); open circles:
poor site (42 m tall at age 100). Closed diamonds:  l'inus ponderosa: good site (36 m tall
at age 100); open diamonds: poor site (24 m tall at age 100).
The  P. menztesii  data were taken from McArdle and Meyer (1%1),  the P. ponderosa
data were adapted from Oliver and Powers (1978), and biomass values were calculated
from the stem diameters using regressions given by Gholz  et al.  (1979).
Figure 8 illustrates how variation in Q (tree height vs ground area per tree)
and  Z  (above-ground biomass vs environmental volume per tree) affects the
slope of the self-thinning line of  Pseudotsuga menztesn  and  Pinus ponderosa.
Height is roughly equal to the square root of ground area per tree for  P.
menziesii  but not for  P. ponderosa. The relation between biomass per tree and
its environmental volume (ground area x height) is a nonlinear power function
for  P. menziesii  on good sites (52 m tall at age 100) and for  P. ponderosa on
both good (36 m tall at age 100) and poor (24 m) sites; but  P. menziesii  on
poorer sites (42 m) is fit more closely by the monomolecular equation (1 — v),
where  c  is constant. Despite very different values of Q for  P. menziesn  on the
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poorer sites and P. ponderosa on the better sites, the slope of the self-thinning
line for the two is the same because P. ponderosa occupies increasing growing
space more efficiently (ie has a relatively high  Z  value).  P. menziesii on good
sites has high values of both Q and  Z  and therefore a self-thinning slope more
negative than —1.5.
Because the efficiency with which a tree occupies space is a function of both
its geometry and physiology, theories incorporating both are likely to give the
clearest insight into the mechanisms underlying self-thinning. I am aware of
only two such theories. Pickard (1983) used elementary relations between
available photosynthate and either total plant or crown size in three different
approaches, all of which gave slopes close to —3/2. Perry (1984) derived a
self-thinning relation from Richards' generalized Von Bertallanfy equation (a
logistic equation relating growth to photosynthesis and respiration; Richards
1959) which generates some fairly specific and testable hypotheses. For
example, for intercepts to be produced within observed ranges, the rate of
carbon loss from individuals (maintenance respiration, tissue death, etc) must
exceed the individual mortality rate. The model further predicts that the self-
thinning slope is determined jointly by the allometric relation between total
above-ground biomass and leaf area and by photosynthetic tolerance to
density; plants which maintain relatively high leaf areas as they enlarge have
relatively steep thinning slopes, and tolerant plants have relatively shallow
slopes. These two factors are generally not independent — tolerant plants tend
to maintain relatively high leaf areas and  vice versa; therefore, according to
this model, feedback between plant allometry and physiology constrains the
self-thinning slope within a relatively narrow range.
B. Individual tree models
The role of competition in stand structure and growth is most often modelled
as the simple linear sum of competitive interactions between individuals.
Clearly, the essential ingredient in this . approach is an algorithm which
successfully predicts how the growth of an individual is influenced by its
neighbours. There are two ways to go about formulating such an algorithm; the
more direct is to correlate the growth of an individual with some combination of
distance to, and size of, its neighbours; the other is to assume logistic growth
toward a competition-dependent maximum, for example the self-thinning line
or some measure of growing space.
1.  Distance-size models
Numerous 'competition indices' have been used in attempts to quantify the
influence of neighbours on tree growth. These can be grouped according to
the way in which competition is calculated (cf Adlard 1974; Alemdag 1978).
Competition can be calculated from: (a) neighbour encroachment into an
'optimum growing space', which is generally defined as the open-grown crown
diameter (eg Bella 1971; Gates 1982); (b) the basal area of neighbours (Opie
1968); (c) the available growing space calculated as a polygon, with vertices
dependent on the spatial arrangement of neighbours (eg Adlard 1974); (d) the
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diameters and distances of neighbours (Flegyi 1974); (e) crown surface,
volume, etc, in relation to open-grown trees (eg Mitchell 1975); and (f ) relative
plant sizes or heights, but with competition effects one-sided, that is with
trees below a certain relative size having little or no competitive effect (eg
Gates 1978; Ford & Diggle 1981).
In general, competition indiccs by themselves explain a disappointingly
small proportion of variation in tree growth, even in stands occupying uniform
sites (eg Alemdag 1978; Noone & Bell 1980). Invariably, the most important
predictor of how a tree is growing is its own size, independent of its neighbours.
Four reasons for this fact come to mind. First, past competitive interactions
are integrated in current tree size. Second, variability is introduced because
of genotypic differences in response to competition, and because of environ-
mental heterogeneity (cf Cannell  et al.  1977). Third, as discussed earlier,
interactions between individuals can be co-operative rather than competitive.
And fourth, where light is limiting, indices based on two-sided competition
may not accurately reflect the competition process; in fact, one-sided models
have been successful in reproducing the bimodal size distributions which
characterize populations with :strong dominance hierarchies (Diggle 1976;
Ford & Diggle 1981; Gates 1978, 1982).
2.  Logistic-type models
Logistic growth is simply exponential increase damped by some limiting
factor. Of the various ways of writing a logistic equation, one of the more
general is:
I ciB it 1 (
(t) )
)
 B  a
]
(5)B  dt
 a K[ 
where  B  is some measure of size, such as biomass, K(t) is the maximum
attainable 13, .(t) is an 'intrinsic' growth rate, and  a  is a constant defining the
symmetry 6f the curve.
If plant population growth is to be accurately predicted, r, the intrinsic
growth rate, and  K,  the ceiling on individual plant size, must be variable
rather than constant. Earlier I suggested that RGR, which for open-grown
trees is the r of equation (5), was roughly proportional to the inverse of plant
size. Hozumi (1980) used the density-dependent maximum plant size defined
by the self-thinning rule as a  K  value - an especially nice approach because
it links plant growth rate directly to stocking density. Aikman and Watkinson
(1980) modified the standard logistic approach by assuming that unconstrained
growth was a function of the area occupied by a plant rather than of its size,
and that growth constraints (the damping term) were produced by competitive
constraints on area. Their model provides for differential competitive ability
among individuals - one of the few linking growth dynamics to population
structure.
Although rarely used in plant population dynamics, a Lotka-Volterra ap-
proach (a set of coupled logistic equations) may be used to model competitive
interactions between individuals. This was done by Yamamura (1976), and
by Vandermeer (1981), who used his model to derive density-dependent
conditions for transgressive yields in species mixtures.
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One of the nice things about a mechanistic model, such as the logistic, 'is
that it confers analytical power. Take, for example, the basic logistic, equation
5, with r proportional to  '  and K  proportional to trx (from the self-thinning
rule):
I  dB
— — - (l-C,IPV:P) (6)B  dt  B
Multiplying both sides by  p,  the stocking density, gives an expression for
relative growth rate of the stand (RGRS): •
RGRSoc —( 1 –C, !Bap-) (7)
differentiating equation (7) with respect to  p,  setting the resultant equation
equal to zero, and solving  p  in terms of  B  (an elementary maximization
technique of the Calculus) gives:
I  )  "ax  C  i/x (8)I+ ax
where  p„,  is the stocking density which maximizes stand growth, given an
average plant biomass, B.  Note that p,.„ varies with a, the parameter determin-
ing symmetry, and  x,  the absolute value of the self-thinning slope. Though
such analytical approaches undoubtedly oversimplify the real world, they
generate testable hypotheses and provide a foothold in the mechanics of the
competition process.
Although logistic equations are typically used to model the time rate of
change in a quantity, they can be used in other ways. Westoby (1982),
for example, introduced the notion of 'Distribution Modifying Functions'
(DMFs), which relate the growth of a plant to its relative size within the
community, rather than to its absolute size. He showed that the form of the
DMF influenced the size distribution within a population, with a logistic
DMF producing the empirically observed bimodal distribution.
C. Holistic models — thermodynamics and Maxwell's ecological
demon
•he need for holism (synthesis) as well as analysis is self-evident to most
scientists (cf Odum 1977); what have been lacking are the tools. Information
theory was received enthusiastically by many biologists as, at long last, a
theoretical foothold into pattern, but with some notable exceptions (eg Gatlin
1972) it has produced no new biological insights. This is not because the
concept of a holistic approach to understanding pattern is a bad one, but
rather because biological patterns are much more subtle and complex than
simple communication systems (cf Johnson 1970); neither can information
theory tell tis much about human language, and for the same reasons.
I believe we are on the threshold of a very exciting time in ecology, one in
which the theoretical tools of holism will yield new insights into the properties
of systems. For example, Axelrod and Hamilton (1981) recently used game
theory to investigate the evolution of co-operation, and Wiley and Brooks
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(1982) produced a new theory of evolution based on nonequilibrium thermo-
dynamics. In this section, I will discuss one way in which competitive
interactions may be interpreted in the context of General Systems Theory.
Laszlo (1972, p. 43) states the principles of self-organization in the following
formula:
External Internal Adaptive
forcings constraints self-organization
Earlier I discussed competition in systems which include one nitrogen-fixing
species, and pointed out that the competitive interaction between the higher
plants was mediated by a third species - the nitrogen-fixing symbiont. In the
context of l.aszlo's scheme, nitrogen is an internal constraint of this system,
and .the nitrogen-fixing symbiont the 'external forcing' acting on that con-
straint. The- result, 'adaptive self-organization', is a restructuring of the
neW, three-species system in niche space (along the nitrogen axis), with a
concomitant increase in system productivity.
A related view, with perhaps more potential for quantitative analysis, is in
terms of nonequilibrium thermodynamics. Prigogine's (1980) equation for
entropy production in a norniquilibrium system is:
ds = drs+
 (9)
whe14  ds  is  total entropy production,  d,s  is  entropy flow across system
boundaries, and  d,s is  internal entropy prtiduction. Schrbdinger (1945) pointed
out that organisms Maintain structure because they 'iniport negentropy', that
is  d,s is  negative. Similarly, the entry of  Rhizobium  into a grass-legume system
may be viewed as an importation of negentropy which increases internal
structure. In effect , the nitrogen fixer acts as a 'Maxwell's Demon'', decreasing
the randomness (and therefore the entropy) with which the species occupy
niche space.
Analogies between ecological systems and the chemical systems of thermo-
dynamics are perhaps more heuristic than literal. Nevertheless, if there are
'general systems properties', such-analogies may bear fruit in 'ecology (Prigo-
gine 1980). For example, stable, nonequilibrium structures ('dissipative'
structures) are characterized by three factors in the theory of nonequilibrium
therthodynamics: 'the function, as expressed by the chemical equations; the
space-time structure, which results from the instabilities; and the fluctuations,
which trigger the instabilities.  The  interplay between these three aspects:
Funct ion Structure
Fluctuation
leads to the most unexpected phenomena, including order through fluctuations
(Prigogine 1980, pp. 100-101). If we identify function with productivity,
and fluctuation with the flow of negentropy, and generalize space-time struc-
ture to niche-space structure, Prigogine's scheme precisely describes the
2 James Clerk Maxwell suggested that the second law of thertmxlynamics could be violated,
in principle, if there existed 'an intelligent being small and agile enough' to sort the molecules
in a gas into fast and slow, and thus decrease Its entropy. Such an imaginary lying came to be
known as Maxwell's Demon (quote from Campbell 1982, p. 48).
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relationships underlying co-evolutionary interaction within ecosystems, in-
cluding those which we characterize as competitive. Clearly, the entry of new
species (or flows of negentropy) into a pre-existing system does not always
increase its structural complexity, or result in a new stable equilibrium
containing all the elements of the old system (eg ingestion of carcinogens;
introduction of gypsy moth, Dutch elm disease, chestnut blight; spraying
Agent Orange). Such an event may be as rare as a successful mutation, but
like a successful mutation it could result in an evolutionary advantage to the
species-systems.
Some system-level concepts, such as Westoby's (1982) distribution modify-
ing •functions, Kikuzawa's (1984) 'stand compactness'. and the notion 'of
'competitive tension' which I discussed earlier, may have predictive potential.
On the other hand, the primary advantage gained from holistic models may
be new ways of viewing systems. The importance of the latter should not be
under-estimated, because it is in the context of our paradigms3 that we
formulate questions, design experiments, and interpret results.
IV. ON PARADIGMS AND LANGUAGES
Although the notion of trees as crop plants says nothing more than that trees
can be managed to produce value for humans, it is difficult to avoid associating
this concept with the techniques of modern agriculture — in which genetic
and structural heterogeneity is eliminated, and the consequent loss in system
buffering is replaced by high energy inputs. The way we act on the world is
determined by how we view the world: in the words of Barrett (1978),
'Technique has no meaning apart from some informing vision'. It is essential
to ask from time to time whether our world view is still appropriate; I believe
that we are at such a juncture in both agriculture and forestry:
The development of agriculture was a marvellous statement of human
ingenuity; however-, it waS also a product of ignorance, and its emergence as a
modern technology was characterized by both brilliant tactics and questionable
strategy. Agriculture was a product of ignorance in that its development
assumed the patterns of nature to be chaotic, and its techniques flowed from
the logical extensidn of that assumption, that chaotic systems must be dealt
with by reduction to understandable, and therefore manageable, subsystem's
(individuals). The more we learn about ecosystems, however, the more it
becomes obvious that they are far from chaotic. 'Bey are, in fact, reminiscent
of human language in that, just as communication depends on syntax (the
arrangement of words with respect to one another) and on context (the
historical setting of the words), so ecosystem function cannot be understood
outside the syntactical relationships between organisms and the historical
context of co-evolution.
The strategy of modern agriculture assumes that (a) the buffering capacity
of natural systems, which is based on information (eg genetic and structural
diversity), can be adequately replaced by energy inputs, (b) unlimited supplies
3 A paradigm is an example or pattern of the inflexion of a pan of speech, the term is also
used to mean a general pattern or model,
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of energy will he available for this buffering, and (c) no major climatic changes
will occur. It is still unclear whether the first assumption is correct, but the
second depends on the development of new energy sources, and the third is
manifestly false.
Foresters must not become too enamoured with the techniques of agriculture
at a time when agricultural techniques themselves must be seriously re-
evaluated. 11 is very important, in the face of an uncertain future, to keep our
options open. This does not mean that we should not manage forests, but
rather that we should intensify our efforts to learn the language of nature, so
that we can merge with it and produce not only abundance, but security in
an uncertain and rapidly changing global environment.
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I. INTRODUCTION
Forest canopy design concerns the amount and arrangement of foliage within
a community of trees. This design is of special interest because it affects the
amount and disposition of growth, and because it can be readily manipulated
by changing the number and arrangement of trees, by pruning, as well as
genetically. Traditionally, the effects of such operations on forest growth have
been predicted using graphical methods or empirical regression models. We
contend that greater insights can he gained by using dynamic, state-determined
models of carbon flow, based on an understanding of the biological processes
of crop growth, as has been done in agriculture (eg cotton, Joneset al. 1980).
In this chapter, we first review the literature on plant growth models, in
order to identify those submodels that might be most appropriate to simulate
carbon flow in forest stands, with special reference to Pinus radiata. We
then use a radiation interception model, and a carbon allocation model, to
demonstrate how they can predict differences in photosynthetic production
and above-ground biomass allocation within young stands of Pinus radiata
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growing at (a) high stocking densities, (b) medium stocking densities (for
sawlog production) and (c) wide spacings (in an agroforestry ` silvopastoral'
system). We assume that water and nutrients are not limiting.
II. COMPONENTS OF BIOLOGICAL MODELS TO
EXAMINE EFFECTS OF FOREST CANOPY DESIGN
The components of our biological model of carbon flow in a forest stand are
illustrated in Figure I. The rate at which carbohydrates are produced is
determined by radiation interception, canopy CO2 conductance, canopy pho-
tosynthesis, and respiration. The carbohydrates are allocated to the growth
of foliage, branches, stems, and coarse and fine roots. The disposition of new
co,
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FIGURE I. A model of carbon flow within a forest, showing the major component
models (valve symbols) and state variables (rectangles).
foliage is 'determined by a.crown development model. Carbon flows out of
the system in the form of litter from all tree parts. In the case of stemwood,
some of the carbon is harvested and its quality characteristics are determined.
Changes in forest design will alter the rates of the processes, represented by
the valve symbols in Figure I, as well as the sizes of the state variables,
represented by rectangles. Let us now consider each component model in
turn.
A. Radiation interception
A' radiation interception model is required to predict, for different seasons,
latitudes and slopes, the amount of radiation intercepted by individual trees
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and by different parts of the crop canopy. Many models of radiation intercep-
tion have been developed ranging from simple to complex. The main differ-
ence is how the canopy structure is treated. The structural variables which
are important are, in order of decreasing importance: leaf area index, vertical
distribution of foliage, distribution of leaf angles, leaf reflectance and transmit-
tance, clumping of foliage, and the distribution of leaf azimuth angles.
Monsi and Saeki (1953) proposed the first simple theory of radiation
interception for a continuous homogenous canopy of horizontal leaves. Thorpe
et al.  (1978) described a model for the distribution of radiation incident on
leaves of isolated apple trees, assuming ellipsoidal crown shapes and randomly
dispersed foliage. Interception models that consider the clumping of foliage
have been written by Norman and Jarvis (1975) for forest canopies, and by
Oker-ff lom and. Kellomaki (1983) for individual trees. Absurd results are
produced if it is assumed that the foliage on widely spaced trees is randomly
distributed over the whole canopy, but it is adequate to assume random and
spherical distributions of foliage within the crowns.
The model that most readily enables one to explore the effects of changes
in the spatial arrangement of foliage on radiation interception is that published
by Norman and Welles (1983). We have modified this model for our purposes.
The model being used allows the latitude, aspect and slope of the site, and the
size and location of each tree, to be specified. A crop canopy is approximated by
an array of the individual tree crowns arranged in various configurations.
The crown of each tree is assumed to be represented by an ellipsoid and,
within this, three other ellipsoids are described forming four shells. The
amount of foliage within each shell is specified, and is assumed to be randomly
located, with no preferred azimuthal direction and with the inclinations having
a spherical leaf angle distribution.
The model calculates, from irradiance above the canopy, the attenuation of
irradiance in the visible and near infra-red wavebands, and the irradiance
available for photosynthesis in different parts of the crown. The sun and shade
crown is normally treated separately with different photosynthetic functions.
B. Crown development
A crown development model is needed to describe changes in the amount and
distribution of foliage with time, and in response to treatments. Ideally, we
would like to 'grow' a tree, knowing the processes that control the number,
growth and senescence of each shoot meristem, but our knowledge is inad-
equate at this level. Instead we must rely on empirical measurements of crown
dimensions (eg Siemon et al.  1980), the distribution of foliage biomass within
crowns (Beets 1982) and seasonal changes in foliage amounts (Madgwick
1983) measured in different conditions. Empirical, demographic models of
leaf populations can be developed when foliage amounts are expressed in
terms of the numbers and sizes of leaves according to cohort locations within
the crowns (Maillette 1982). There is a need to integrate the fragmentary data
available on tree shoot growth and development to construct models of seasonal
changes in canopy structure (Landsberg 1981).
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C. Canopy conductance
Photosynthesis by tree canopies may be considered as the sum of photosyn-
thesis of all leaves. For a single leaf, the rate of photosynthesis is often
characterized by four parameters: stomatal conductance to CO, transfer,
mesophyll conductance, quantum yield and CO, compensation point (eg Reed
et al.  1976). When water and nutrients are not limiting, photosynthetic activity
can be explained largely by changes in radiation and stomatal conductance.
It is desirable to consider the response of stomata to environmental variables
in a separate submodel. In conifers, up to 75% of the diurnal variation in
stomatal conductance can be accounted for by short-term changes in ambient
vapour pressure deficit and radiation, with a secondary effect of low potentials
during periods of drought (Whitehead & Jarvis 1982). We might expect these
environmental effects to be important when comparing stands with different
canopy designs. There are the added advantages that models of stomatal
conductance can also be used to estimate crop water use.
Models relating stomatal conductance to environmental variables have
recently been classified by Hall (1983) into empirical models using multiple
regression analyses (eg Kaufmann 1982) and phenomenological models (eg
Jarvis 1976), where least squares regressions have been used to obtain the
parameters from data collected in the field, but using the shapes of environ-
mental response curves obtained in controlled conditions. We favour the latter
type of model. However, research is needed to determine the effects of
thinning and pruning on canopy conductance. Jarvis (1975) indicated that
canopy conductance would be halved in a stand where half the trees and
leaf area were removed, but Whitehead  et al.  (1984) showed that canopy
conductance in an unthinned stand of  Paws svlvestris  was larger than in a
thinned stand by an amount greater than the difference in leaf area index.
D. Canopy photosynthesis
A canopy photosynthesis model is needed to predict photosynthetic rates of
different parts of the crowns of individual trees and of the canopy as a whole.
The model wilt utilize the outputs of the radiation interception, stomatal
conductance and crown development models.
There are a great many models of photosynthesis, ranging from the leaf to
the ecosystem (Hesketh & Jones 1980; Charles-Edwards 1981; Farquhar &
von Caemmerer 1983). Jarvis and Leverenz (1983) described a shoot photo-
synthesis model at an appropriate level of complexity for our purpose; it
depended on inputs of boundary, stomatal and mesophyll conductances for
CO, transfer, on quantum yields and CO, compensation concentrations. To
estimate canopy photosynthesis, these photosynthetic parameters were needed
for cohorts of foliage of different types in different crown positions. Canopy
photosynthesis could than be calculated by summing all cohorts.
Integrations of individual leaf or shoot photosynthesis within an entire
forest canopy over a whole year have been carried out in only a few stands
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(Jarvis and Leverenz (1983) list studies on  Pants sylvestris, Ptcea ables and
Fagza sylvatica).  Data on stomatal conductances and photosynthesis within
Pinus radiata  stands are still too few to attempt such integrations.
E. Respiration
Respiration must be subtracted from the increments in photosynthate to
provide an estimate of the carbohydrates available for growth. In conifer
stands, respiration losses of 30-50% have been estimated, which 'could be
important in explaining differences in- growth between stands with different
canopy design (Kinerson  et al.  1977; Linder & Troeng 1981).
Total respiratory losses depend on the amount, physiological activity and
growth rate of the living tissues. Respiration rates of stems, branches and
thick roots can be expressed per'unit surface area (Jan-is & la;erenz 1983),
and surface areas can be derived from biomass measurements (Beets 1982),
but information is needed on differences and changes in respiration rates per
unit . surface area. We favoured the model of Linder and Troeng (1981), in
which respiration rates depended on the size class of the stems, branches and
roots, and varied with season (growth activity), and air or soil temperature.
Also, Linder and Troeng (1980) recognized that at least 25% of the CD,
respired by thinly-barked parts of stems and branches could be re:assimilated.
Although the respiration rates of coarse roots have been measured on trees
in the field (Linder & -Froeng 1981; Benecke 1984), fine roorrespiration rates
have been measured only under laboratory conditions using detached roots
or potted seedlings (Linder & Troeng 1981). Estimates of root respiration in
the field have usually been obtained from the rtsiduals of carbon balances
which have varied from 23% of the net annual photosynthetic production in
20—year-old Pinus sylvestris to 15-17% in  Nothofagus olandri and Pinus contorta
(Linder & •roeng 1981; Benecke & Nordmeyer 1982).
F. Partitioning of growth
A partitioning model is needed to determine the allocation of photosynthates
for growth and maintenance of different pans of the tree. Mechanistic mOdels
have been constructed to estimate root/shoot partitioning (eg Thornley 1976),
but too few data are available to use these models on trees. Lang and Thorpe
(1983) proposed a simple phenomenological model, which might prove useful
in analysing biomass data for forest trees, but meanwhile we have used an
empirical model based on comprehensive data on the distribution of biomass
among tree parts at different ages and on different sites (eg Madgwick  et al.
1977; Beets 1982; Satoo & Madgwick 1982; Cannell, this volume).
Above-ground partitioning affects crown development and radiation inter-
ception, and so needs to be estimated every 1 to 2 weeks, depending on
previous and current conditions. Empirical methods may be satisfactory, but
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information is needed on stands of the correct age, stocking density and rate
of growth. For instance, young stands often have unusually high foliage
masses at canopy closure, and the fraction of dry matter allocated to branches
can greatly decrease during canopy closure (Beets 1982; Satoo & Madgwick
1982).
It is recognized that differences in dry matter production in stands are
associated with differences in amounts of foliage in the early years of the stand
and after thinning (eg Willer 1954; Satoo & Madgwick 1982). No attempt
will be made to review the extensive forestry literature on growth responses
to lower initial plant numbers and to thinning and pruning, as these are
covered in most general forest textbooks (Baker 1950; Assmann 1970). Specific
data on the biomass of above-ground components of  Pinus radiata  are, given
by Madgwick  et al. (1977) and in response to thinning by Siemon et al. (1976),
Siemon et al.  (1980), Shepherd and Forrest (1973) and. Beets (1982).
Factors affecting carbon allocation below-ground, and interactions between
the root and . shoot, arc poorly understood, and data on the responses of
root systems to silvicultural treatment in particular are extremely limited.
Competition below-ground generally starts earlier, and involves many more
trees, than competition above-ground, because surface horizontal root systems
intermingle before crowns touch.(Leaf  et al.  1971; Fayle 1975).
Theoretically, a model is needed to predict the seasonal carbon requirements
of the roots for growth and maintenance, including fine root turnover and
respiration. Few.data are available, although we know that fine root turnover
can account for 8-67% of the net annual dry matter production of trees. The
dry matter increment of coarse foots can be 3-17% of net annual production,
so that the total dry matter allocated below-ground ranges from 23-78%
(Fogel & Hunt 1979; Deans 1981; Keyes & (irier 1981; Vogt  et al.  1982;
Santantonio & I lermann 1985).
G. Wood quality attributes
It is important that the output of a forest growth model should not be left
merely as the flow of carbon out of the system, without regard to the quantity
and quality of the products. The kinds of products will depend on the
requirements of those marketing and utilizing them.
Although there is a considerable body of data on the anatomical features of
wood (eg Denne 1979; Bamber & Burley 1983), which at some stage might
be incorporated into a model, our first attempts should be to concentrate on the
factors affecting 'log grade', namely log dimensions, taper, and branchiness.
Harris (1981) contended that, in general, the effects of silvicultural practicea
on wood quality were minor compared with effects of tree age and site, but
Brazier (1973) presented a more cautious account, of the possible effects on
wood quality of heavy thinning and pruning practices. Relationships between
volume growth and wood quality given by Kellomaki and Tuimala (1981)
portray the type of model that might be used to quantify the effects of canopy
structure on log grades, and thus on economic returns.
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III. SIMULATIONS OF EFFECTS OF FOREST CANOPY
DESIGN
So far, we have shown that models that could be used to examine the effects
of forest design on wood production are available, or are being developed,
with the exception of models for the below-ground allocation of growth. The
models being developed are a mix of process-based and empirical relation-
ships. At this stage, it is not possible to construct a complete biological model,
but we can illustrate the types of results which can be expected using
submodels concerned with (a) radiation interception and photosynthate pro-
duction, and (b) above-ground dry matter allocation. We shall illustrate
differences between 9-year-old  Pinus radiata  stands at (a) high stocking
densities, 1-1S, (b) medium stocking densities, MS, and (c) very wide spacings
in a `silvopastoraE agroforestry system, AI'.
The first set of simulations shows how much total photosynt hate is produced
in these forest types, and how it is affected by foliage amount and distribution.
The second set of simulations shows how growing conditions affect the relative
allocation of resources to stemwood.
A. Radiation interception
The modified Norman and Welles (1983) radiation interception model, to-
gether with photosynthesis/photon flux density functions of the foliage, was
used to provide daily estimates of photosynthate production by different parts
of the crown of individual trees, and per unit area of ground. From the average
irradiance above the canopy for each hour of the day, the model predicts the
radiation available for photosynthesis in different parts of the crown through-
out the day. The photosynthesis/photon flux density functions used were
derived from data collected by CO, porometry in a 12—year-old stand of  P.
radiata from Nelson province of New Zealand (Lat. 41°35'S; Long. 17°45'E).
Canopy values of photosynthesis were obtained by using separate curves for
sun and shade foliage using data from autumn (April) and winter (June), (ie
during periods of high and low photosynthetic activity respectively). The
response of photosynthesis (P)  to photon flux density  (Q)  was of the form:
P —  Rd
a+ bQ
where Rd was dark respiration (assumed to be constant at 0.5 kimo1111-2s- I)
and the parameters a  and  b  were related to the slope and asymptote of  P
plotted against Q. The estimated values of  a  and  b  were as follows:
Autumn (April)
Winter (June)
Sun crown
Shade crown
Sun crown
Shade crown
a (no
dimensions)'
48-0
55-9
42.0
34.0
b( 1
molms
0.15
0-26
0.25
0.54
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Simulation runs were made for four days in the year, based on radiation
data recorded at Puruki, near Rotorua (1st. 38°22'S, Long. 176°1E). The
days selected were clear, sunny days in summer and winter with high direct
beam fractions, and cloudy days in summer and winter with low direct beam
fractions.
The crown dimensions of each type of forest were measured in stands
growing near Rotorua (see Table I). •he leaf area index lialues were obtained
by multiplying the number of crowns per hectare by the foliage density per
crown (ie the leaf area per crown volume). The latter was found to be
3.30 m'm -3 at Puruki on 9-year-old trees of P.  radiata,which, when expressed
on a projected leaf area basis, gave a value of 1.371112M -3 (cf m2 m-.3
quoted for other conifers by Waring 1983).
TABLE I. Crown dimensions, stocking densities, and leaf area indices of three types
of 97year-old  l'inus rachata  forest
Crown dimensions Stocking Leaf area
density index'
(stems hr l) (no n,-2)width x breadth x height
(m)
' Total foliage surface area, the projected arca can be obtained by dividing by 2.4.
The radiation model required information about the structure of the crop
(crown dimensions, foliage density, stems ha- I), site location (latitude, slope),
characteristics of the foliage (coefficients of reflectance and transmittance) and
radiation data (hourly average values of incoming radiation in visible and near
infra-red parts of the spectrum).
Figure 2 presents the predicted photosynthetic production of the three
forest types (HS, MS and AL') on a sunny summer day (1 January), a cloudy
summer day (7 December), and a sunny winter day (7 July). The large crowns
of the MS (medium stocking) and AF (agroforest) tree types produced 8 to
12 times as much photosynt hate as the small crowns of the HS (high stocking)
tree type (Table II). Most importantly, none of the trees produced significant
amounts of photosynthate in their inner shells on any day. In winter, and on
cloudy summer days, the model predicted a net loss of photosynthates in the
lower layers and inner shells of the large-crowned MS trees, although this
loss could be the result of a weakness in the present photosynthesis model,
which assumes a constant rate of dark respiration.
On a per hectare basis (Table II), the HS forest showed 20-28% greater
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• ABLE  II Predicted net daily carbon dioxide uptake of  Pinus radiate  trees managed
at high stocking densities (HS), medium stocking densities (MS) and as widely spaced
trees in a silvopastoral agroforest (AF)
Values are for daylight hours only
Area of canopy pro action.  IIS = I .6m';  MS = 15-9rnz; AF =  10-1 m2.
rates of CO, uptake than the MS forest, and 3.2-4•5 times greater than the
tree component of the AF forest. The relative photosynthate production of
the different forest types did, however, vary with the radiation conditions;
diffuse radiation favoured the productivity of the widely-spaced AF trees.
Although the widely spaced trees in the AF forest produced only about one-
third, or less, as much photosynthate per hectare as the other forests, their
CO, uptake was up to 80% more per unit ground area covered by the canopies
(Table II).
Halving the foliage densities in the tree crowns, from 3-30 m2m-3 to
1.65 m2 m-3 (total foliage area basis), decreased photosynthate production (eg
6.3 to 4.5 molsd-' in the agroforest, on a sunny winter day), and doubling
the foliage density to 6.60 m2 m-3 increased photosynthte production of the
MS and AF forests, but not of the FIS forest (the latter produced 0.5, 0.6
and 0.4 molsd-' on a sunny winter day with 1.65, 3.30 and 6.60 m2 m-.3,
respectively).
Figure 3A and Table Ill show the predicted effects of differences in crown
shape on photosynthate production, keeping the crown volumes and foliage
densities constant at 37.7 m3 and 3.3 m2m-3, respectively. Predictions are for
a sunny winter day with stocking densities of 277 stem hr ' and a leaf
area index of 8.2 m2 m-2. The tree with the broadest crown produced most
photosynthate per tree, but only one-third as much photosynthate per unit
ground area covered by the crown as the tree with an elongated crown (0.3
and 0.9 mol m-2d- 9. Other workers have also suggested that trees with
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FIGURE 2. Daily carbon dioxide uptake by 9-year-old trees of Pinus radiatawithin
the three different forest types given in •able I, on three different days in New
Zealand. Values were predicted using a radiation interception model, and the photosyn-
thesis/radiation functions given in the text. MS = medium stocking density; HS = high.
stocking density; AF = agroforestry isilvopastoralt system with trees at wide spacings.
Daily photosynthate production (mold- ') within the shells and layers within the
crowns are shown on the right and left of each tree, and the total daily production is
expressed per tree.
elongated crowns can be more productive than those with squat crowns
(Jahnke & Lawrence 1965; Oker-Blom & Kellomaki 1982). Figure 3B, com-
pared with Figure 3A, shows the effect of increasing the crown volume by
increasing the height of the crown, but maintaining the same leaf area index.
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FIGURE 3. Predicted daily carbon dioxide uptake by 9-year-old trees of  Pinus radiala
with different crown dimensions on a sunny winter day in New Zealand. The
width x breadth x height of each crown (in metres) is given above each tree. See legend
to Fig. 2. -
A. Three trees, all with 37.7 in3 of crown, 3-3 m2 foliage per m3 of crown, leaf area
indcx 8.2, and 277 stems hr
B. Two trees with the sams leaf area indices as in A, but with increased crown volumes,
produced by increasing the crown heights to 8 m.
A 77% increase in crown volume, but with correspondingly reduced foliage
density, increased photosynthate production per tree and per unit ground
area by 12%.
B. Above-ground dry matter allocation
The allocation of dry matter within trees growing in the MS, HS and AF
forest designs defined in Tables I and IV was predicted using the DRYMAT
model of Beets (1982). This is a stand model, developed for even-aged
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TABLE III. Predicted net daily carbon dioxide uptake of  Pima  raduna  tree crowns
with different shapes and sizes
Crown dimensions (m) Carbon dioxide uptake
width x breadth x height per tree per hectare per canopy
(mol d  fl  (mol ha- eV') projection
(molm-2d-')
managed stands of Pinus rarhatasubjected to pruning and thinning, growing
on highly productive sites. The model starts at the level in Figure 1 where
dry matter flows can be quantified. A basic philosophy of the model is that it
generates new foliage production and then relates growth to the crop's foliage
mass. The model is species- and site-specific and requires data on (a) stand
structure, ie heights, basal areas and numbers of stems per hectare, (b)
silvicultural treatments, and (c) rates of net above-ground dry matter produc-
tion, which are derived empirically from a series of annual harvests in a stand
growing on a highly productive site at Puruki, near Rotorua. 'Fhirty per cent
was added to the above-ground biomass production to account for root growth
and turnover. The amount of dry matter allocated to foliage was based on
rates measured at Puruki, and leaf areas were derived assuming specific
fascicle weights of 13 to 17 m2kg -I(Beets 1982).
The silvicultural details of the three forest types used in the simulations are
given in Table IV, and results of the simulations at ages 6 and 10 years are
presented in Figure 4. The results of the simulation runs were compared with
(a) annual biomass harvests from an I-IS forest from age 6 to 10 years
(Madgwick 1981), and (b) biomass harvests taken from 6-year-old stands on
a forest farm with residual stockings of 173 stems ha-1 (AF forest) and
600 stems ha (MS forest) (Madgwick et al. 1983). The same silvicultural
conditions were included in the simulations as had been experienced by the
harvested stands. All the stands, including that which formed the data base
for DRYMAT, were located on the central plateau of the North Island of
New Zealand.
There was close agreement between the outputs of the simulations and the
field biomass data, for each type of forest, in terms of the proportion of dry
matter allocated to above-ground components (Table V) and annual biomass
increments. However, for the HS and MS forest the predictions of total
biomass were approximately one year behind the actual biomass data, probably
because the stands used to develop the DRYMAT model had taken a year
longer to become established than the stands that were harvested. The actual
field sites for both the HS and MS forests were formerly pastures, and were
very favourable for forest growth, and extra care in their establishment might
TABLE V. Comparison between measurcd and simulated allocations of above-ground
dry matter in young stands of Pinus radiant,managed at high stocking densities (HS),
medium stocking densities (MS) or as widely spaced trees in a silvopastoral agroforest
(AF). See Table IV
(1983)
The actual stocking density of 173 stems ha" was reduced proportionally to be equivalent
to a stocking of 150 stems ha" used in the simulations.
also have been expected. Foliage production by the AF forest was greatly
over-estimated, because the model parameters used for foliage production
were derived from measurements on conservatively thinned stands rather than
on widely spaced, severely pruned trees. '
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FIGURE 4. Predicted amounts of biomass of foliage. (F), living branches (B) and
stems (S) in 6-year-old (hatched histograms) and 10-year-old (whole histograms) stands
of  Pinus radiata,  and their predicted leaf area indices when the trees are grown at high
stocking densities (I-IS), medium stocking densities (MS) and as widely spaced trees
in silvopastoral agroforests (AF). The silvicultural schedules for these forests are given
in Table IV.
The three main results of the simulations were as follows (Fig. 4). First, a
greater proportion of the above-ground biomass was allocated to stem, and
correspondingly less was allocated to branches and foliage, in the 115 forest
compared with the forests with lower stocking densities. Second, the HS
forest had about two and three times as much dry matter at age 10 as the MS
and AF forests respectively (stemwood biomass was 121, 66 and 44 t ha- I in
the 11S, MS and AF forests, respectively). Third, at age 10, the predicted leaf
area index of all three types of forest was nearly 20, indicating complete site
occupancy, in which case, from 10 years onwards, the increment in the HS
forest would be spread over 6,700 stems ha- I, whereas that of the AF forest'
would be concentrated on 150 stems ha. In fact, the model consistently
over-predicted foliage production of the AF trees, and a leaf area index of
near 20 would probably not be attained until 3 years later.
These examples show that a systems model based largely on empirically
derived parameters can predict the growth of other stands, provided the site
and silvicultural conditions are similar to those incorporated into the model.
However, it is necessary to include the lower level processes, of radiation
interception, photosynthesis, respiration and submodels of leaf production,
if the model is to be applied confidentially to different conditions.
IV. MANAGEMENT IMPLICATIONS
The simulations presented here reveal only short-term differences between
young stands with three very constrasting canopy designs. The results pertain
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only to the conditions defined in the simulation runs, and the differences
could change with age or be modified by other environmental conditions,
such as lower nutritional status. I lowever, the simulations do serve to illustrate
the uses of this type of approach.
Results of the 'first set of simulations  of  light interception (Fig. 2) showed
the effects  of  tree spacing and amount  of  foliage on photosynthate production.
The model could also be used to predict the effects  of  different spatial
arrangements  of  trees in silvopastoral agroforests (in rows, spaced evenly, or
in clumps) on tree growth, and also on the amounts of radiation available for
pasture growth.
The radiation interception model was used to examine the effects  of  crown
shape on productivity (Fig. 3). No attempt was made here to define the
optimum crown shape, because this depends on the radiation conditions
(Oker-Blom & Kellomaki 1982), on the respiratory losses, partitioning be-
tween branches and stem, susceptibility to wind damage, and so forth.
Although tall, finely branched, narrow-crowned trees may be highly desir-
able in many forests, in some conditions there may be a strong economic
preference for short thick-stemmed trees with wide crowns, even  if  there is a
loss in total photosynthate production per hectare. Most of the value  Of a tree
is in the butt and second logs (Fenton 1972). The upper pans  of  the stem
have a higher proportion of corewood, are more knotty and of smaller size
than the bottom two logs, and they are often damaged when felled. The
radiation interception model enables the biological consequences of encourag-
ing a wide sprawling crown above the second log to be examined.
The DRYMAT model simulated above-ground dry matter production and
distribution in the three contrasting silvicultural regimes with acceptable
accuracy, except for the AF regime where a considerable over-estimation of
foliage production and hence growth was noted. The DRYMAT model, which
estimates leaf production and leaf area index, would be expected to be more
responsive to defoliation treatments than most conventional forest mensura-
tional models, which ignore the foliage.
Another aspect of considerable potential management interest is the large
carbon requirement of the roots. A fuller understanding is needed of the impact
of silvicultural treatments on below-ground growth and carbon allocation, with
the ultimate objective of trying to increase the carbon allocation to stemwood.
These few examples of the value of using biologically based models to
evaluate differences in forest design relate directly to output in terms of stem
dry matter production. As was mentioned earlier, one of the advantages of
biological modelling is that other 'outputs', such as water losses, can also be
predicted. Managers are often having to trade gains in one output against
losses in another.
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INTRODUCTION
The purpose of this discussion is to contribute to the synthesis of social science
and biology in the context of applied research on the productivity of trees.
My examples concern the economics of investments in forest stands, the
effects of bioeconomic functions (input—output, quality—price, etc) on the
level and distribution of income and wealth, and the uses of economic rationale
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when designing or planning forestry enterprises - what I call future forest
design. The lines of reasoning that I present are applicable to a diversity of
research clients and tree crop products or values. A critical first step in the
effective design of future forests is to recognize explicitly the clients, be they
large multinational corporations or the rural poor, and the products or values,
be they fuelwood , fibre and timber; fruit, fodder and other non-wood produce;
microclimate influences; or visual amenities.
TABLE I
Research is in
progress
Research is not
in progress
A matrix of four kinds of applied rescarch (sec text)
Opportunities for
advancement exist
Box 1 Box 3
Box 2 Box 4
Based on the oral presentation of Cannell (1979).
A. Applied tree crop research
Opport unities for
advancement do not exist
Before launching into specifics, two of the conference organizers remind me
of illustrations of the travails of applied research. First, there is Gordon's
Law, which sounds like John Gordon's brand of wisdom, although he claims
not to have stated it first: 'Any research not worth doing, is not worth doing
well!' Second, Mel Cannell (1979) pointed out one all-too-common application
, of Gordon's Law in Box 3 of a whimsical matrix, given in Table I. Box 1
represents most of the research in progress at any time, where more or
better results require a sharper focus, a keener or more creative mind, more
resources, and so forth. Much of what wc are discussing in formal presentations
at this conference pertains to Box 1, but our informal moments together
arc often focused on the missed opportunities in Box 2. Using biological
opportunities for advancement in forest yields as examples, Cannell noted
that Box 3 is not empty: that is, research is in progress in fields where
opportunities for advancement do not exist! One reason is bad science.
Another, in my opinion, is the estrangement of applied biology and applied
social sciences in the context of agriculture, forestry and other renewable
resources. A technically possible biological design, that makes no sense in
terms of socio-economics, is no more useful than a desired or imagined socio-
economic design that is biologically impossible. Both are found in Box 3,
which takes on added importance in tropical forestry and agroforestry, where
the issues of poverty and distribution of income, wealth and power are added
to the conventional productivity and efficiency concerns of agricultural and
forestry research.
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B. Topic organization
Economics is useful in (a) evaluating possible tree crop alternatives, (b)
selecting the best of the possible alternatives, (c) tracking performance, and
(d) assisting designers to specify criteria for, and to develop, more productive
patterns for tree crops. In this discussion, I do not dwell on these classic roles
for the forest economist, but focus instead on a broader understanding of why
rSarch on trees as crop plants makes economic and social salse, especially
in the Thiid World.
My comments are organized around the following six topics:
1. the concept of a 'production function', and its usefulness in organizing
managerial information produced by research;
2. the economics of timber scarcity, and the causes of real increases in the
price of standing timber (stumpage prices);
3. the evolution toward design-orientated research to create the forests of the
future;
4. the implications of timber economics, regarding the distribution of net
benefits between this and future generations, and between rich and poor
people today;
5. the synthesis of factors affecting efficiency and the distribution of wealth
in the context of timber scarcity; and
6. the criteria suggested by these lines of reasoning that might guide the
design of future forests.
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FIGURE I. The economic 'production function' is the S-shaped biological growth
function that defines the technically most efficient input—output relationship. It sepa-
rates the possible bUt technically inefficient (point X) from the technically impossible
(point Y).
H. TREE AND STAND PRODUCTION PROCESSES
The 19th century agronomic experiments at Rothamsted provided the econo-
mist with a conceptual linkage to biophysical reality. This was becanse the S-
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shaped curve between plant growth and time, and often between yield and
an input, is the form of the 'production function' which is the foundation of
production economics, and underlies much of what follows about economic
supply and macro-relationships between costs and prices (Fig. I). While as
useful empirically today as it was to the emerging agricultural science of 100
years ago, the 'production function' hides a chain of causal relationships inside
a simple predictive model. It implies that changes in input levels 'cause'
changes in 'output levels: explicitly it implies that the 'output resulting from
input manipulation by forest managers canbepredicted with known levels of
precision and accuracy.
A. Disciplinary concerns
Some of the confusion in communication between economists and biologists
results from their approach towards cause and effect.
Economists, as disciplinarians, are concerned with the variety of cause and
effect relationships pertinent . to why prices for goods and serviceschange,
why goods and services are reallocated, why the total sum of goods and
services changes, and why societies and the individuals who compose them
become richer or poorer as a conseqUence. Economists often assume that
biophysical relationships are stable, or they treat them as if they were exogen-
ous to the causal interactions under consideration. If research and development
are key input factors under managerial control, then it is essential to consider
the production relationships that are central to the dynamics of prices and
quantities of goods and services.
Biologists, as disciplinarians, are searching for more and more fundamental
causal relationships, although in applied biology attempts to extend the
frontiers of knowledge must be balanced against the practical goal of useful
results. Usefulness virtually always is defined in economic terms, although
hopefully not as narrowly as is common in financial analysis.
The conjunction between applied biology and applied economics is defined
by a central question: how can we improve the design of future forest stands
in terms of their economic productivity?
B. Applied research and production functions
Optimization is a Mathematical term which means maximization (or minimiza-
tion) of a function subject to constraints. A 'production function' describes a
basic constraint on the maximization of profit or present net worth, and
research produces information which relaxes that constraint.
Managerial intensification really begins when it makes sense to control
regeneration — that is, to control the species which is grown, thespacing, level
of competition, and so. forth. The basic relationships between inputs and
benefits are understood for simple forest systems. Most applied silvicultural
research is, in effect, the calibration or quantification of equations for specific
sites and needs, so that basic standards are established about what is possible.
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Once this standard is in place, two rather different research tasks are possible.
First, we can diagnose why a given stand is below the possible level (point X
in Fig. 1). Second, we can design new alternatives that enable us to raise the
production function (point Y in Fig. I).
The objective of design research is to shift the production function or growth
and yield relationships upward. Examples include (a) earlier establishment of
new growing stock after harvest, (b) spacing operations to increase stemwood
quality,  (c)  fertilization where early root development or mature photo-
synthetic rates are constraints, and (d) redesign of harvest and processing
equipment to favour smaller logs and shorter rotations (Brown  et al.  1982).
There is room for considerable refinement in most situations, especially when
tree improvement and genetics are part of the total strategy. Physical gains of
200-300% are possible when solid-wood cubic volumes are the objective.
Measurements of production functions and stand prod uctivities require that
we define the product of value. The product may be total biomass (dry
t ha- '), above-ground biomass (dry t ha- '), above-ground cubic
volume to a large top diameter for solid-wood products (m3 ha- 'yr- I), fruit
or seeds for food, oil, or regeneration purposes (kg ha- 'yr- 9. These different
perceptions of production can be defined in terms of stand age and stems per
hectare (spacing) as the inputs that are manipulated (Cannell 1983a,b; Huxley,
this volume). Obviously, more and more of the total production is ignored(made invisible) as we refine what we consider to be the valuable part of the
plant. Because it is difficult to increase total biomass production per hectare,
it is usually easier to incrcase the production of parts of trees and stands that
are biologically scarce (like fruits or extractives) than those that are biologically
abundant (like leaves and wood).
III. TIMBER SCARCITY AND PRICE
When we say that something such as trees, fruits or pleasant sylvan environ-
ments are scarcer, we mean that it costs more to acquire or rent them than in
an earlier time. Scarcity, in other words, is a measure of change, and the
index is 'change in real price per unit'. The quality of the index depends upon
how well the markets function that determine price, and the time interval
involved. Although many markets for fuelwood, timber, various amenities
and other forest products are imperfect, over substantial time periods even
imperfect price responses give quantitative, if often imprecise, evidence of
scarcity.
A. Supply and demand
Price is the result of interactions between supply and demand. As concepts,
both supply and demand are schedules, or functions, that relate quantities to
prices in a given time period and market area. Supply is the collective term
for the quantities sellers would market at various prices, and demand is the
quantities buyers would purchase at various prices. Where both are equal, an
equilibrium exists and the market clears. Scarcity occurs whenever demand
increases,or 'shifts out', supply decreases or 'shifts back', or both (Fig. 2A).
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A. The relationship between the price of goods or services and the quantity of those
goods or services. A decrease or 'backward shift' in supply from S, to S,, and an
increase or 'outward shift' in supply from D, to D,, lead to a price increase from
P, to P,. This price increase is a measure of the scarcity of those goods or services.
Point X is explained in the text.
II, C. An increase in price from P, to P, is equivalent to a decrease in income from
I, to I,. which leads to reduced consumption from C, to C,. The relationship
between income and consumption, for most goods and services, has a phase
of increasing rates of consumption per increment of income, followed by
decreasing rates. and finally a decline in total consumption.
Demand for timber comes from its various end uses such as fuel, pulp,
plywood or lurriber. The markets for most of these products have 'demand
functions' that are quite inelastic; that is, a major price change does not have
much effect on the quantity purchased. This is so either because the product
is essential (eg as fuel for cooking) or because it forms a minor part of the
total consumer cost (eg lumber in a new house). Shifts in demand occur with
changes in population size and composition, discretionary income, availability
of mortgage funds, and so forth. With some exceptions, the inelastic demands
for timber-based products are translated into even more inelastic demands for
standing timber.
The supply of timber, in most cases, can vary over a broad range with little
change in price. The price rises as access costs are incurred, which has been
an important factor in the supply of timber from mountainous areas of North
America. At some point (X in Fig. 2A), the capacity to harvest and supply
more timber from a given forest begins to have a negative impact on its future
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growth. At this pOint, a balancing act begins between today and tomorrow,
based on rational exkectations (Berck 1979; Lyon & Sedjo 1983). Expectations
about the future, with regard to increased value resulting from biological
growth, quality changes and price changes, are balanced against the perfect
certainty of today's values (Bentley  et al.  1985). Individuals, and collectively
the market, attempt to earn the real rate of interest, plus an appropriate 'risk
premium' (Sharpe 1981). To do so, thay must anticipate shifts in demand,
and shifts in supply, especially those resulting from a decrease in the amount
of standing timber.
B. Scarcity
Assuming that the market period is one'year (over which biological growth
and consequent quality changes are not of major importance), the current
supply of timber inventory to the market is the reciprocal of current demand
for future inventory (Bentley  et al.  1985). An equilibrium between supply of,
and demand for, inventory is achieved when the rate of value increase is equal
to the real rate of interest (about 3%) plus the premium for accepting both
biological and market risks, which appears to be 2-5% for timber investments
in commercial species. The argument is not that such a market works perfectly,
especially as judged after the fact, but rather that there is an understandable
and predictable process that rations timber inventories into the marketplace.
Worldwide, timber has been getting scarcer. Berck (1979) estimated that
Pseudotsuga menziesii timber prices were rising at 5% per year; Bentley et al.
(1985) found that Connecticut  Quercus rubra  prices for standing timber have
increased since 1972 at 8.6% per year; and Bentley (1985) estimated that the
general timber prices in India have been rising at 5.8% per year for over a
decade. Other investigations of natural resource prices have identified timber
to be among the few resources where scarcity is an issue (eg Barnett & Morse
1963; Smith 1979; Skog & Risbrandt 1982). Although the phenomenon of
timber scarcity has not been fully explained, prices are rising to yield a rate
of growth in investment of 5-9% per year in real terms (after subtracting the
effects of inflation). There have been occasional short-term rates of increase
that are considerably higher as species enter new markets — for example,
Tsuga heteraphylla  and  Populus tremuloides  after World War II,  Q.  ntbra  in
Connecticut over the past decade, and many tropical hardwood species today.
Owners of young, rapidly growing timber stands also benefit from biological
growth and increases in bole sizes and wood quality with age. Real rates of
return of 10%, to occasionally even 20%, are possible for new investors in
timber, if they take advantage of current knowledge and the latest methods
for plantation management. At the market level, we can envisage a 'net
inventory adjustment' between the increment in growth and the amount
harvested: Harvest of inventory, with subsequent reinvestment in protection,
regeneration and other inputs, eventually leads to a balancing between growth
and removal. At this balance point, there are no changes in the amount of
standing timber, so that this factor cannot cause the supply of timber in the
current market to decrease. In that case, the price can rise only if demand
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increases. But when the amount of standing timber increases (ie when growth
exceeds removals), then prices will fall, unless demand is increasing faster
than supply.
IV. EVOLUTION TOWARDS FOREST DESIGN
Several implications can be drawn from our understanding of timber scarcity
that are important in the design of future forests. One is a reinterPretation of
the history of forest harvesting and reinvestment. To illustrate these points,
I shall consider the Indian subcontinent and North America, which have
experienced similar histories of forest exploitation in general terms. Originally,
what is now India, Pakistan and Bangladesh was 80% or more forested
(Warner 1982). The original percentage forest over North America as a whole
Was much less than 80%, but there were many regions with 75% or more
forest cover (Oana & Fairfax 1980). Starting over 3,000 years ago on the
Indian subcontinent, and 350 . years ago in North America, forests were
deliberately cleared to provide land for cultivated food crops. More or less
simultaneously, trees were harvested for'constrUction materials, fuelwood and
other purposes. No particular plan guided what was cleared or harvested, or
for what purpose. Both land and timber were abundant, arid the costs of
cultivatable land, fuelwood and construction materials were essentially the
costs of the labour required to obtain them.'
A. Depletion and conservation
Serious overcutting of forests began in both regions about 1860, usually
accompanied by fire, grazing and other ecological factors that retard regener-
ation and reduce total biomass productivity. Such practices are often described
as forest exploitation. However, Ciriacy-Wantrup (1952) defined the shift of
use-rates toward the present as 'depletion' and the shift of use-rates toward
the future as 'conservation'. When accompanied by explicit objectives, and
active reinvestment, both conservation and depletion become resource man-
agement. A critical question is why do these shifts occur?
Forests are overcut, in the sense that removal rates exceed timber growth,
for four reasons (Bentley et al. 1985). First, overcutting occurs when capital
and raw materials are scarce, and when they can be obtained by cutting timber
which is abundant (eg in past times). Second, overcutting occurs when a
forest is mature and its growthrate is virtually zero, so that the only way to
increase growth is to harvest some of the old trees and to replace them
with new ones. Third, overcutting occurs when interest rates, which guide
investment and liquidation rates, exceed the rate of increase in value of the
forests; as a result, the inventory is decreased by cutting older trees, thereby
increasing the value growth rate of the remaining forest. Fourth, overcutting
occurs when this can make forest assets more 'efficient', in the sense that a
given annual growth can be obtained from less standing timber capital or
more annual growth can be obtained from the current forest capital. Points
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one to four are roughly a historical sequence, with forest design becoming an
important activity after improvement in the input-output 'efficiency' of timber
assets.
B. Forest management
The first sign of timber scarcity is a concerted effort to protect forests. Clearly,
protection makes sense only if what is protected has value, taking into account
any expectation of future price increases. About the same time, extensive
management begins. This management is most successful if it (a) imitates the
natUral ecosystem, (b) is a selection, group selection, or 'patch clearcut'
system, and (c) requires little initial investment. Hibbs and Bentley(1984),
for example, established that spacing is the critical factor to manage with
Quercusruin-a/mixed hardwood stands, established by natural regeneration in
southern New England. Extensive management systems, if focused on high-
quality logs, can produce competitive real rates of return with virtually no net
investment. Unfortunately, many of the early extensive management systems
observed were based on faulty ecological and economic premises. The conse-
quences were dramatic shifts in forest composition, often away from the most
valuable subclimax species and towards scrubs of one kind or another. This
move was especially pronounced in areas where seasonal droughts and grazing
combined to make natural regeneration of desired species a slow process, if
it occurred at all. Many vivid examples of these shifts following initial
harvesting can be observed in the American west and in the semi-arid tropics
of India.
The shift towards intensive management is stimulated by scarcity. Intensive
management was first practised on a major scale in nations that either had
seriously depleted their natural forests (such as Great Britain) or found
the native species difficult to utilize (such as Australia and New Zealand).
Plantations were established in North America before World War II, but most
were the products of public works or soil conservation programmes, not of
real concerns about timber scarcity. In the post-War period, demand for
house-building and other construction increased the prices of lumber and
plywood, and these higher product prices were then translated into higher
timber prices. The market has reflected a steady increase in scarcity since the
early 1950s.
C. Research and forest design
It is not by chance that the 1950s was the period of rapid transition toward
intensive plantation forestry in the American south and Pacific Northwest,
with the concurrent development of forestry research groups in several indus-
trial firms. During this period, tropical forest depletion rates increased dram-
atically (Gillis 1984). European, North American and Japanese firms were
looking for new sources of raw material for conversion (to fibre board, etc),
to meet product demands, and to bridge age gaps in their local timber
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resources. And Third World nations had entered into a period where conver-
sion of natural capital into liquid assets made sense in terms of currently
conceived development strategies. Gordon and Bentley (1970) described this
shift to intensive plantation forestry as similar to the transition from a 'hunt
and gather' economy to a rational and scientifically based agriculture. It is at
this point that forest design makes sense.
V. DISTRIBUTION OF WEALTH
There are some implications regarding the distribution of wealth that should
not he overlooked in our understanding of this transition. Conservation has
often been viewed as a public responsibility. In part, this view reflects the
traditional ownership of forests, water, wildlife and many other renewable
natural resources by the raj, king or modern nation state..11 also represents a
response to market failures caused by (a) traditions and institutions, such as
common property rights, (b) 'spatial externalities', especially of the upstream/-
downstream variety, and (c) low to zero prices (lack of scarcity), which inhibit
efficient market function. One reason for public intervention to stop tropical
forest destruction is that it may be too late if left until scarcity is recognized
and acted upon by the market. Another reason, although seldom stated in
these terms, is that the rich want to take benefits from the poor of today and
tomorrow.
A. Distribution over time
There are many questions about the optimal balance between conservation
and depletion that have yet to be resolved, especially where markets do not
reflect critical values. The most obvious omission, of course, is that the unborn
cannot vote in the current marketplace. Nonetheless, once markets for timber
'futures' (timber to be delivered at future dates) begin to function, there will
be a process that allows actual and potential holders of timber assets to
anticipate how future markets might vote, and to act accordingly. At best,
this process will be imperfect, but it can only be judged in the light of the
alternatives. The performance of public agencies in lieu of the market does
not provide much basis, in my opinion, for optimism about administrative
non-market mechanisms for allocating between rich and poor, or between
present and future generations.
B. The poor as consumers
Foresters and tree scientists should become conscious of the issues concerning
the distribution of wealth that are inherent in the flow of forest assets and
products between rich and poor, because these issues will be relevant for
several decades. The consequences of poverty are most obvious in terms of
consumption. The relationship between income and consumption, shown in
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Figure 2C, looks a bit like the 'production function' mentioned earlier: a
phase of increasing rates of consumption per incremeritof income is followed
by decreasing rates, and finally a decline, in consumption.
Fuelwood provides a useful illustration. The extremely poor cannot acquire
adequate fuelwood for cooking or heating, either because their incomes are
very low, or because it takes too much time and energy to gather wood in wood-
scarce areas. Consequently, increases in real income go disproportionately to
acquiring more fuelwood. At some point, basic needs are . met. Further
increases in income may be used to have more hot water or a bit more comfort
in cold weather, but these increased comforts take smaller proportions of the
increments in income. Above some level of income, families shift towards
more convenient fuels, such as bottled gas, charcoal and coal, and total
fuelwood consumption drops. This happened long ago in North America,
and the recent return to fuelwood is largely an adjustment to the rapid upward
shift in the real price of alternative energy sources. The same phenomenon
can be observed in India, where virtually all rural people use fuelwood, leaves,
crop residues and dung for cooking and heating. Even in this context, rural
families aspire to shift towards other fuels, and do so when their incomes rise
(Pendse 1984). City dwellers do so at even lower incomes because of access
to lower cost, more convenient fuels. In New Delhi, for example, the fuelwood
demand has been cut substantially by this shift to bottled gas and other
convenient fuels (Bentley 1985). Given the role that fuelwood harvesting for
urban areas plays in forest degradation, this income-driven substitution is
helpful, because it gives more time to resolve several critical forestry issues.
C. The poor as producers
The poor as consumers represent one aspect of the question concerning the
distribution of wealth. Another aspect is the poor as suppliers of labour. A
simple, but not false, way of looking at poverty is in terms of labour scarcity,
especially when considering the plight of people at or below subsistence levels.
Just as there is a modest minimum price for timber over a wide quantity
range, so there is a modest minimum price for unskilled labour at more or
less subsistence wages. Scarcity of such labour occurs when (a) the general
economy has a high demand for both skilled and unskilled labour, (b) people
invest in their own 'human capital', upgrading their skills and moving into
better paid jobs, and (c) wages are driven up by the interaction between
increasing demands for labour and decreasing supplies of labour. If increased
demand does not cause scarcity of unskilled labour — a not uncommon problem
in western nations — a combination of minimum wage laws and various income
transfers can lift the minimum income above subsistence levels, but at the
price of higher permanent unemployment. In Third World nations, the gap
is simply too large to use such schemes; the only possible strategy is to increase
the demand for unskilled labour.
One means of increasing the demand for labour is the so-called 'supply-
side' or 'trickle down' approach. Basically, 'aggregate economic growth' in
terms of total production of goods and services is expanded more rapidly
than the population, thereby creating a labour scarcity. Although population
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growth rates have fallen drastically in India, and in many other tropical
nations, there is an enOrmous challenge to find enough jobs for the currently
unemployed and underemployed, and for those who will join the labour force
in the next two decades. Economic expansion alone is unlikely to bridge this
gap in most Third World countries until well into the next century (eg Krishna
1980).
One of the appeals of 'community forestry', wasteland rehabilitation and
similar schemes is that they have high labour/capital ratios,•and potentially
they use massive amounts of unskilled labour. In fact, some preliminary
analyses in India suggest that labour would be a constraint, if there were
nationwide schemes for rehabilitation of commonland forests, pastures and
wastes (eg Gupta 1978). The obvious additional advantage of such schemes
is that capital assets would be produced in the form of tree factories' that
could be harvested, thinned and spaced, or just left to grow.
D. Insiitutional issues
There are several institutional and organizational problems•that need to be
resolved before all the benefits of 'social forestry' and similar, khemes can be
realized (Bentley I985)..Most of these centre on tenure rights for land, trees
and grass (eg Fortmann 1984), and community-based organization of credit,
technical knowledge and the like (eg Chowdhry 1982). Intime, applied
research can contribute greatly to assisting the rural poor. The first step is
simply for applied scientists to recognize the poor as one of their clients (Biggs
1982; Chambers 1983).
VI. SYNTHESIS OF EFFICIENCY AND DISTRIBUTION
'Economic efficiency' issues ate concerned with the impact on future timber
supplies of units of investment, and 'distribution' issues are concerned with
who receiYes the benefits of those supplies. •
A. Price effects
The rrlationships brokeen quantities of goot, prices and incomes (efficiency
and distribution) are showb in Figure 2. A supply-demand shift that leads to
a higher price (P, to P2) is the same as reducing a consumer's income(I, to
other things remaining the same, because the same nominal incbme will
now bny less. The decrease in income is clearly a welfare lqss, and it translates
into less consumption of certain goods or services (C2 to C1). In other words,
timber scarcity leads to poor people being worse off as consumers.
B. Income and employment growth
If timber scarcity leads to a major programme of tree planting, and other
silvicultural activities that are targeted to hire poor people, the opposite
Labatt Real income
FIGURE 3. Effect of tree planting on incomes and consumption. An increase in tree
planting (T, to .1-2)requires more labour (L, to L,), which translates into higher
incomes (I, to I,), and more consumption of essential commodities such as fuelwood
(C, to C2).
sequence can take place (Fig. 3): more tree planting (T, to T2) means that
more labour is hired (L, to L2), and then real incomes rise (I, to Ii), which
enables people to buy more fuelwood and other goods or services (C, to C2).
The longer term impact is to increase future supplies (shifting the supply
function outwards, S, to S, in Figure 2A), so that future fuelwood prices
decline (or at least do not rise as fast), which further adds to the economic
well-being of poor people. The rise in wage rates is more substantial if labour
scarcity occurs, whether through increases in demand, or decreases in supply
because of 'human capital' development. Consequently, responses to timber
scarcity can make poor people better off, as both consumers of forest-based
products and as suppliers of labour.
C. Household economics and intrafamily distribution
Issues concerning the distribution of wealth also occur within many Third
World family or clan units, because the household unit is both producer and
consumer (eg Bennett 1983). The most striking issues to the outsider are
between women (and often children), who are responsible for non-market
activities, and men who are more concerned with cash income. These issues
may have implications for forest designs, when a village is at the subsistence
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level, or in transition to a market economy, especially with regard to energy
needs (Vidyarthi 1984). Time or energy savings are equivalent to gains in
income and economic welfare, and conversely timber scarcity is the same as
an income and welfare loss. The location of tree crops, and the species grown,
could be important in determining how the benefits are distributed within
families.
D. Asset ownership
Social mechanisms that assist poor people to plant and own trees, especially
the allocation of some tenure rights and access to credit or subsidies, may be
even more beneficial than hiring the people for public forestry activities. If
their preference for consumption, and their aversion to risk, can be dealt
with, owning and managing timber investments may provide poor people
with higher incomes than the usual minimum wages paid to them for public
tree planting. Although the evidence is scanty, there are reasons to believe
that the impact on tree planting, and the consequent beneficial changes in
incomes and consumption discussed in Section VI B, could be greater if poor
people became owners and managers of forest assets (Bentley 1985).
VII. FUTURE FOREST DESIGN
This review of economic efficiency, and the distribution of wealth, suggests
the following nine criteria for forest design. The first four concern productivity
and efficiency, and are obvious to anyone who has been concerned with
applied research on commercial tree crop production; the other five are of
more concern if distributional issues are involved, and may conflict to some
degree with the first four.
A. Design criteria
I.  Area
Perhaps the single most important criterion for a design is the area over which
it can be applied. It is the criterion that gives tree improvement programmes
such high reliable pay-offs.
2.  Time
The most expensive production expense in forestry is the cost of waiting. A
real interest cost of 6% means that costs double every 12 years; current
nominal rates of 12"k double in 6 years. Planned industrial rotations of
l'seudotsuga menziesit have declined from over 100 years to 40 or 50 years
because of the cost of capital. Intensive systems of growing trees for fuelwood
and fibre over rotations of 2 to 6 years are feasible in much of the world with
warm, moist growing seasons.
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3.  Uniformity
The most critical characteristics affecting timber values are stem uniformity,
roundness, straightness and taper. These characteristics obviously increase
timber values for solid-woad products, and they also reduce handling costs
for low-value products like fuelwood.
4.  Simplicity
The common characteristic of large-scale grain farmers, and of large coffee,
tea, fruit and timber plantations worldwide, is simplicity. Simplicity enables
managers to avoid the constant choices inherent in complexity, and enables
them to focus their operational planning and control.
5.  Sustainability
In its simplest form, a sustainable system never loses productivity. The
concept of sustainability is common to many agrarian cultures; forestry's
heritage comes from Germany and central Europe (Greeley 1950). The most
obvious criteria for sustainable design concern soil stability, water percolation,
and nutrient cycling. Simple system's; which often involve single species, may
not be sustainable over extended periods in many tropical or near-tropical
conditions. Designs that are based on natural balances to control insects and
pathogens biologically are likely to be sustainable, but they also are complex.
6.  Flexibilityladaptability
Markets are sure to change, which has been the undoing of many classical
sustained-yield designs. Also, the rate at which new biological knowledge is
being applied is remarkable. Usually there are trade-offs between the high
efficiency and high-risk option of producing a well-defined tree-based product,
and the less efficient, lower-risk option of producing multiple products: risk
rises as designs become more rigid. 'Flexibility' anticipates that changes will
occur, whereas 'adaptability' reflects a positive response after change has
occurred.
7. Subsistence needs
Poor families, especially the women and children, have food and energy needs
that are often not recognized by professional foresters and agriculturalists.
Euelwood, leaves, fodder and similar goods do not pass through formal
markets in isolated villages. Traditionally, these goods have been free, except
for the energy women and children have expended on gathering them. During
the transition from subsistence to market economic conditions, desirable
design criteria may include  (a)  those that favour a reduction in the effort
needed to gather forest-based non-market goods, and (b) those that favour
some effort in growing species that aid subsistence, like  Prosopis spp., rather
than those that yield products with a cash value, such as Eucalsimus pp.
8.  Initial investment
For obvious reasons, the poor cannot afford to make high 'front end' in-
vestments in agroforestry or forestry. While subsidies, or better access to rural
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credit, would encourage poor families to use land for social or community
forestry, poor people generally prefer to trade their labour (including the
farmer as a Manager) for capital. By contrast, most corporations favour trading
capital for labour, at least up to the point where expected wages equal the
expected 'marginal value product' of the labour. One probable reason why
poor and corporate forest farmers see this choice differently is that poor
farm and family enterprises pay their household members lower wages than
corporations pay their employees (eg Galbraith 1979). Consequently, poor
families benefit from working for corporations, and corporations benefit from
hiring labour from poor farming families.
9. Risk
Another substantial difference between poor marginal farmers and corpora-
tions (and probably large public, forestry agencies) is the nature of the risks
that they attempt to minimize. The modern technically based coiporation
wants predictable cash flows and profits, which it attempts . to achieve by
substituting capital for labour, and by planning and quality control. By
contrast, subsistence farmers have, naturally, an aversion to risks that could
bring their: food supplies below survival levels.
B. Social science research
Mostof this meeting on 'Trees as crop plants' is concerned with improved
applied biological research, but I would like to make a plea for concomitant
applied work in the social sciences:My illustrations reflect mainly my own
interest§ in econdmic issues, but many of the problems discussed cannot be
resolved without considerable information on applied anthropology, social
psychology and other behavioural sciences. Equity and social justice are values
to which manV of us subscribe, but the actual needs and responses of the poor
are factual matters that should be studied with the same objectivity that we
apply to the more affluent consumers and producers in the western economies.
This requires more applied social science.
IX. CONCLUSIONS
The effective design of future forests requires that biological and social sciences
be integrated and focused on the needs of particular 'client groups'. This
integration serves two purposes; it shifts our attention to new opportunities
where research is not in progress, and it helps us to avoid efforts in areas
where results are not possible. 'Client groups' are defined as people and
organizations that have similar problems. The client focus is a device to assist
us in allocating resources to applied research. Applied research, like virtually
all other rational activities,is more effective if focused on a few, rather than
many, goals, and progress toward those goals is measured over time by results.
In the Third World, we need to consider the distribution of wealth when
defining the 'client groups', for both operational and ethical reasons. Many
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of the current development activities by national and donor organizations
recognize that the poorer half of rural societies will not share in economic
progress unless programmes are targeted on them. This is the basis for many
of the social or community forestry programmes, and some of the applied
forestry research programmes in tropical nations, especially those concerned
with agroforestry. The underlying issues are ones of equity and social justice.
The poor as consumers are more adversely affected by scarcity than are the
rich, but they can benefit from activities to alleviate forest resource scarcity
as both consumers and as producers of forest-based income and wealth.
The design criteria that emerge from this discussion are orientated towards
productivity and efficiency, in the general sense of attempting to maximize
the impact on future timber supplies per cost-unit invested. However, some
criteria have implications regarding the distribution of wealth. •hese involve
explicit recognition of the distribution of resources between today's and
tomorrow's generations (ie sustainability), between the poor and rich of today
(eg fuelwood and fodder vs timber), and between the risks that concern the
poor (especially food security) and those that concern the rich (stability and
predictability of cash flows).
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WOOD PROPERTIES, AND FUTURE
REQUIREMENTS FOR WOOD PRODUCTS
G. K. ELLIOTT'
Department of Forestry and Wood Science, University College of North
Wales, Bangor, Wales
I. INTRODUCTION
In the developed countries, the demands for, and uses of, wood have changed
greatly over the last 150 years. The industrial revolution of the 19th century
was accompanied by a marked decrease in the use of wood for fuel, and a
marked increase in its use in construction and transport, and in the making
of furniture, pallets and packaging. Concurrently, improvements in the tech-
nologies of pulping and paper-making, combined with increased literacy,
resUlted in increased demand for wood to make paper of all kinds.
The present century has seen the birth of a non-wood materials revolution,
fuelled by cheap energy. Light-weight metals and plastics can be manufactured
to defined engineering and design specifications, and this has inevitably
changed the overall uses of wood. Only paper and board products have so far
remained relatively immune from such competition.
Despite these changes, the world demand for industrial wood has continued
to rise, so that present demand — some 1,000 million t yr-1 — is equivalent on
a weight basis to the annual world production of iron and steel.
11. CHARACTERISTICS OF WOOD
In order to understand current and future developments in the uses of, and
demand for, wood, it is useful first to remind ourselves of its major properties
• New address: Price and Pierce (Technical Services) Ltd, 51 Aldwych, London WC2B 4AZ,
England.
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that are valued by man (Dinwoodie 1981). The following ten properties
deserve special mention.
1. Wood is a fibrous material. The prosenchymatous nature of the cell,
the physical architecture of the secondary cell wall, and the longitudinal
alignment of most of the cells combine to make wood an efficient load-bearing
Material.
2. Wood is a complex chemical material. Although it is characterized by
a relatively small number of chemical constituents (45-50% cellulose, 20-25%
hemicellulose, 25-30% lignin), it is infiltrated by Many so-called extraneous
compounds. These compounds add to the variety of colour in grain configura-
tions, they feature prominently in the differentiation between sapwood and
heartwood, and, in sCime species, they have a pronounced effect on wood
properties and uses.
3. Sawnwood is a versatile product; that is, it has adequate properties for
many uses. This is particularly true when we consider the differences between
species, and the ways in which sawnwood properties can be modified by
technologies such as drying and preservation.
4. Wood in the comminuted (chipped or pulped) and restructured form
(chipboard, etc) can provide a wide range of properties. The flexible nature
of the material enables products to be manufactured from fibres, particles,
br thin sheets which enhance its performance or value. Wood-based sheet
materials, plywood, particle-board and fibre-building-board are examples of
such products manufactured to specific design and strength criteria.
5. Wood is anisotropict, and the difference in wood properties along and
across the grain enables some economies to be made in structural design.
Alternatively, if anisotropy is considered to be a disadvantage, wood-based
sheet materials of an almost isotropic character can be made.
6. Wood is hygroscopic, because it contains many hydroxyl groups. That
is, it absorbs water from an atmosphere wetter than itself, and loses water to
an atmoSphere drier than itself. This characteristic results in shrinkage or
swelling, some loss in dimensional stability, and changes in strength proper-
ties. When the hydroxyl groupsoffreely suspended fibres come within 0.3 nm
of each other, a hydrogen bond is formed between them, Causing the fibres
to cohere without the aid of external adhesives. This cohesive mechanism is
the basis of paper production from wood pulp, and distinguishes paper from
other sheet materials which owe their integrity to mechanical entanglement
or to an adhesive.
7. Wood is combustible, which is clearly a disadvantage when it is used
in construction. However, wood retains its strength better than most building
materials with increase in temperature.
8. Wood is a variable product, not only between species, but also within
them, and within individual trees. The understanding of variation in macro-
features, such as colour, grain deviation and knots, and in micro-features,
such as fibre dimensions and wood density, and their influence on wood
processing and the performance of wood products, is a major part of the
Wood Science discipline.
9. Wood is renewable. In an era much concerned with the depletion of
With predetermined axes, so that it is influenced in some directions more than others.
31. Wood propertres and future requirements 547
the world's resources, the renewable nature of wood as an industrial and
energy raw material has increasing appeal.
10. Wood is aesthetically pleasing. Differences in colour, grain and
texture, exposed by judicious choice of cutting pattern and direction, give
beauty, warmth and considerable added value to solid wood products.
III. WOOD AS A STRUCTURAL MATERIAL
The attributes of wood that favour its use as a structural , load-bearing material ,
and in the mechanical industries, are its toughness, stiffness, tensile strength,
its good thermal-insulation properties, its ease-of-working using simple, low
energy-consuming tools, and its high strength/weight ratio. Also, wood iS
readily available, renewable and relatively cheap.
The attributes of wood, as a structural material, that are clearly undesirable
are its variability, hygroscopicity, anisotropy, biodeterioration and combusti-
bility. However, the forest products industries have developed a number of
technologies to lessen or overcome these disadvantages (see Table I).
TABLE I. Measures and techniques that have been used to overcome some of the less
desirable attributes of wood as a structural material
Undesirable attributes Improvement techniques
Variability Grading of wood by machine; removal of defects
by finger-jointing; reduction of the effects of
variability by laminat ion ; red uct ion of genetical
variation by selection and breeding.
Hygroscopicity Contr011ed kiln drying; dimensional stabilin-
tion by plastic impregnation; improved coating
for timber.
Anisotropy Productimi of nearly isotropic board materials.
Biodeteriorat ion Impregnation of wood with preservatives.
Combustibility Impregnation with fire retardants.
IV. WOOD AS A
 PULP AND PAPER FURNISH
Wood owes its commanding position as the most important raw material for
paper-making to the following attributes: (a) it is cellular; (b) non-fibrous
constituents such as pith and ray cells can be easily removed; (c) its `colour'
can be removed (and its 'brightness' improved) without too great a loss in
'strength% (d) the cellulose cell wall can be modified to give a variety of
furnishes to make a range of paper grades;(e) a relatively large quantity of
paper is yielded per unit of wood pulp compared with other cellulose fibres;
and, as before, (f) wood is readily available and relatively cheap.
Both coniferous and broadleaved woods are used in the manufacture of
paper products. Coniferous fibres are long and strong, and are used to give
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good mechanical properties to the sheets. Broad leaved fibres are smaller and
fatter, and contribute to the opacity, thickness and smoothness of the sheets.
Secondary additives are used in paper production, such as (a) bright china
clay, to improve opacity, brightness and surface smoothness, and (b) waxes,
to resist water penetration. Other additives are used to improve optical,
mechanical, electrical and chemical properties.
TABLE II. The energy requirements per unit product in the four major forest product
industries, and the equivalent amount of fuelwood needed to supply that energy'
1 It is assumed that wood has a color-the value of 18,200 MJ i I. Source: Fung (1982).
V. WOOD AS AN ENERGY SOURCE
Wood has a calorific value of about 18,200 MJ ', and it is the most important
source of energy in the developing countries. Since the 1974 oil crisis, there
has been growing interest in the use of wood as a fuel in the developed
countries, including the production of 'energy plantations' (Ramsay Smith
1982). In the USA, it has been estimated that a coniferous plantation of
96,000 ha yielding 13 m3 ha- ' yr-' could sustain a 400 megawatt power station
(Szego & Kemp 1973). Elsewhere, attention has been focused on short-rotation
coppicing (Ramsay Smith 1982), or on combining fuelwood production with
industrial-wood production. Recent work in the UK has shown that broadlea-
ved 'coppice with standards' with a yield class (maximum mean annual
increment) of 8 m3 ha- ' yr- ', and a coppice rotation of 15 years, will yield
800 m3 ha- 'yr ' over a 45-50 year rotation, 725 m3 of which can be fuelwood.
It is beyond the scopeof this paper to discuss the potential for fuelwood
production in the developed world, except to state that (a) its current import-
anceis probably under-rated, because of the unreliability of statistical informa-
tion, (b) the production of structural wood and wood fibre is often likely to
take priority over fuelwood production, and (c) energy plantations must
compete for land with agriculture, water catchment, recreation and conserva-
tion.
The most attractive benefits accrue to wood as an energy source within
the forest industries themselves. Of the various forest product industries,
sawmilling uses the least energy, in the form of electricity and heat, to produce
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a unit of product (Table II) and this industry also produces the largest
proportion of residues. Estimates, based on large sawmills producing 75,000
&Ng.' 1, indicate that self-sufficiency in energy would be attained by burning
45:50% of the wood residue. The plywood industry could also become almost
self-sufficient, but the wood-based sheet materials industries, notably those
producing particle-board and fibre-building-board, use wood residue as their
furnish, and so have a negligible amount of wood waste. The pulp and paper
industry is the largest energy user per unit of product (Table II); some of that
energy can be provided by burning spent pulping liquor, bark and chipper
waste, but additional power has to be bought.
Wood can also be convertal to methanol or ethanol. Since the 1974 oil
crisis, interest has revived in the production of ethanol as a motor fuel, notably
as 'gasohol', consisting of a mixture of gasolene with up to 25% ethanol. Use
of this fuel mix is mandatory in Brazil, and it is available in the USA, although
at present the main source of ethanol is sugar and starch crops rather than
wood. Lignocellulosic materials require delignification by acid hydrolysis to
release the fermentable sugars (Tomaselli 1982).
VI. WOOD AS A SOURCE OF CHEMICALS
In addition to alcohols, there are other industrial chemicals which might
be derived from trees in the future.- NUmerous opportunities exist for the
production of simple, or discrete, chemical products from wood and/or foliage,
such as cattle feed, cosmetics, pharmaceuticals, and products from spent
pulping liquors and from ethanol. However, single-product industrial plants
rarely operate profitably without the shelter of a protected market. Notable
success has been achieved in the use of bark as a source of phenol (derived
from tannin) in the formulation of phenol-formaldehyde resin adhesives,
which form the cornerstone of the exterior-grade wood-based sheet materials
industry. But, elsewhere, considerable research is needed to develop a com-
mercially viable wood-based chemicals industry.
The problems are three-fold. First, low-cost raw materials arc required,
which means very low prices for the grower, bearing in mind the difficulties
of harvesting woody biomass and the high cost of transporting a material with
such a low weight/volume ratio. Or, alternatively, the industry would have
to be based on residue supplies. Second, the present capital cost of the
manufacturing plant required to convert wood to chemical units is twice that
required to convert coal to comparable units, and three times that required
by petrochemical facilities of comparable capacity. Third, the energy cost of
breaking down the complex molecular structure of wood into simple struc-
tures, and then rebuilding those structures into monomers and polymers, is
very high. Wood is therefore unlikely to provide a generous chemical feed-
stock, except in those countries with profligate wood supplies and a high
technological threshold.
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TABLE 111. Estimated consumption of (or demand forP wood products in the devel-
oped world from  1975 to  2025. Values are given in roundwood raw material equivalents
(RRE) x 106, recognizing that the paper and board sector  will  utilize industrial wood
residues
• Based on  low  population growth,  tow  gross domestic production and  low,income elasticity
of demand.
Source: Forestry Commission (1977).
VII. FUTURE REQUIREMENTS FOR WOOD
PRODUCTS
Sawn timber is by far the most valuable wood product per tonne, but at
present it represents only about 64% of the wood used by industries in the
developed world. The remainder is first taken apart and then reconstituted in
the form of sheet materials, paper or boards (Table III). Between now and
the year 2025, the UK Forestry Commission forecasts that, in the developed
world, there will be only a small increase in demand for sawnwood timber,
representing a falling percentage of the total wood demand (Table Ill). In
fact, with increasing population, per capita consumption of sawnwood will
fall. By contrast, there will be a marked increase in the use of wood-based
sheet materials (13-30%, Table III), largely owing to the effect of ncw
technologies. To illustrate the importance of these technologies, Table IV lists
just some of the new particle-board products introduced on to the UK market
over the past 22 years.
Developments have also occurred in the manufacture of plywood products,
such as the usc,of a honeycomb plastic/metal/carbon-fibre core for certain
types of panels, and the manufacture of thick laminar-veneer constructions to
standard lumber sizes but with 5-15% enhanced mechanical properties. It is
expected that such products will increasingly replace solid wood products in
construction, furniture and transport.
Pulp and paper demand is also anticipated to rise dramatically, largely
because of greater diversification. The recent success of industrial and reinfor-
ced 'structural' papers is an example of a technological advance that has met
a highly specific requirement. However, there is a threat to the market in the
advances in electronic data transfer. Where instant communication is vital,
such as in financial markets and international travel, there is now almost
exclusive reliance on electronic data transfer, with decreased paper consump-
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TABLE IV. New particle-board products introduced on to the UK market between
1960 and 1982. Particle-board is defined as comminuted (finely divided) particles,
pressed together using urea-formaldehyde resin adhesives
1960 Multi layered board with surface properiies capable of taking decorative
plastic laminates, used for low-cost kitchen furniture and fitments.
1963 High density (>750kg m-3) flooring grade particle-board.
1966 Prefelted bitumen-faced boards, used for roofing.
1969 Graded-density-board, with a single layer, fine surface texture and
gravure-printable surface, used for low-cost furniture items.
1970 Low-pressure laminated board, melamine-larninated for kitchen
fitments and worktops.
1971 Exterior grade boards, phenol-formaldehyde bonded, used for exterior
cladding, signboards, kitchen and bathroom floors and fitments.
1973 Ultra-thin (2-4 mm) 'mende' board, used for low-cost furniture fram-
ing and drawer sides.
1977 Cement-bonded exterior board, protected from biodeterioration and
fire-proofed, uscd for exterior cladding.
1980 Orientated structural board (OSB), used as load-bearing members in
frame constructions.
1981 Medium-density fibre-board (MDF), that is dry formed fibre-board,
bonded and felted to 19mm thickness, which can be machined,
moulded and laminated, used to make quality furniture.
1982 Wafer board, that is large wood flakes bonded with phenol-formal-
dehyde to exterior-grade specifications, used to make 'concrete' shut-
tering, exterior cladding and used in construction.
lion. However, to date, microchip technology and television have not de-
creased the demand for printing and writing papers. There is no evidence to
suggest that this pattern will change, but the potential for change is present.
Considering a mature coniferous tree plantation in the southern pine region
of the USA, Kulp (1982) considered that the future scenario for the utilization
of woody biomass, to achieve the greatest value, would be as folloWs: 27% to
high-value solid wood products (the butt log and second sawlog);38% to wood
chips (the lighter core-wood and crown-wood chips going to make sheet
materials and mechanical pulp, the heavier chips from sawmill residues going
to make chemical pulp); and 35% to provide energy to power the processing
system, including bark, small branches and stumps.
Speculating on future needs, one can define two possible scenarios. In the
first, the highest value per tonne of wood would continue to come from
solid wood products. In this case, forest management decisions which affect
variation in bole size, tree form and branching within the stand would increase
in importance, and research interests would be centred on the value and grade
of sawnwood out-turn rather than on volume production ha- tyr-1 alone(Fenton 1971, 1972). Also, the processing sector would concentrate on maxi-
mum value and volume recoVery from the sawlog, and little product innovation
would be expected.
In the second scenario, the influence of the process engineer would domi-
nate, through the manipulation of fibres, fibre bundles, and mechanically
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produced particles and flakes. Here. the technical performance of the end
product would be improved, by novel applications of adhesives, water repel-
lents and surface finishes, some of which would probably be derived from
wood itself. The forest researcher's attention would be directed more towards
uniformity of the raw material (wood fibres), the physiology of cambial
activity, and biomass production. Despite the abundant literature on the
variation of wood properties within and between trees, little is known about
the physiological parameters which govern wood properties (Brazier 1977).
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DISCUSSION OF TREES AS CROP PLANTS
Edited by M. G. R. Cannell
The papers published in this book were discussed on the final half-day of the conference
in five discussion groups. The five subjects chosen for discussion were tree breeding,
flowering, roots and microbiology, stand design, and light interception. This choice
partly reflected the grouping of subjects within the conference, and partly reflected
the concerns of the participants. The task given to cach group was to highlight the
main issues, the main points of contention, and the priorities for future research.
The following reports were drafted by the group chairmen, circulated for comment
to contributing members of each group, and then edited to reflect the balance of views
within each group: •hey do, therefore, form a valuable statement of current thinking
in tree crop biology.
It is noteworthy that (a) considerable attention was given, by mans' contributors, to
the concept of an ideotype, (b) there was perhaps less attention given to photosynthesis
per sethan to light interception and carbon partitioning, (c) as much attention was
given to root functioning and microbiology as to shoot structure, and (d) biological
issues were extended to the socio-economics of stand design and agroforestry. There
were also many instances where ideas were exchanged between foresters and horticultu-
rists — concerning, for instance, the roles of gibberellins and rootstocks in flowering,
models of light interception, the use of clones and dominant gene inheritance in tree
breeding, the importance of carbon partitioning to roots, and the roles of root
symbionts. However, the meeting inevitably highlighted differences in perspective of
people with different research backgrounds and experience; the organizers will be
rewarded if these differences are now better understood and the discussion continues.
TREE BREEDING
E. C. Franklin (Chairman), N. W. Simmonds, F. E. Bridgwater, M. R. Rutter,
P. M. A. Tigerstedt, K. G. Eldridge, F. H. Alston, R. Timmis, C. G. Williams,
G. K. Elliott, H. Y. Yeang.
The largest genetic gains in forestry to date have been the result of species and
provenance selection, although these gains are often taken for 'granted or overlooked
entirely. Line breeding (ic population improvement, not inbred line breeding) within
adapted provenances has just begun in terms of generations of artificial selection.
Nevertheless, there are examples, in various parts of the world, of the application of
technology in the production of forest trees, such as mass propagation by rooting
cuttings, in vitro screening for disease resistance, and the selection and propagation of
highly effective mycorrhizas and nitrogen-fixing bacteria for use in forest stands. In
addition, the potential of the many genetic manipulation techniques now becoming
available should be investigated.
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Clonal propagation, as practised on fruit trees, was seen as an excellent way to take
advantage of genetic gains in forestry, but line breeding must also be done to advance
genetically the base population, and to provide new and better material for cloning or
other methods of propagation. An important principle underlying line breeding is to
maintain a wide genetic base to provide for genetic advancement as new technology
provides new methods of mass propagation, new management and harvesting systems,
new processes and uses for wood and other forest products. In general, uniformity
was seen as -the most important wood property, considering wood as a basic raw
material. Uniformity from tree to tree enhances the efficiency of management, harvest-
ing and processing, and uniformity within the tree contributes to processing efficiency
and a high nei yield of product. It is unrralistic for tree breeders to expect silviculturists
or wood technologists to specify the types of trees to be managed and harvested 25 to
75 years from now. flerefore, line breeding for the long term must be directed toward
traits of universal value - such as high productivity, uniformity, disease and insect
resistance. Some forest tree breeders held the view that it would be the breeder who
would sPecify the silvicultural, harvesting and processing requirements, by the lines
which they released for use - the history of forest utilization seemed to bear witness
to this trend. Others argued that the breeder must be responsive to silvicultural and
market needs.
There was a consensus that research on tree physiology and growth modelling would
benefit aOplied tree breeding programmes. Some group members felt that growth
modelling research could provide inputs to current and future tree breeding and testing
programmes. Others (a majority of tree breeders) felt that such research would be
most beneficial if first done retroSpectively, that is if efforts were made to determine
the physiological basis of gains already made, rather than to model all the elements of
tree growth. It was suggested that genetically defined material should always be used
in such research.
The discussion group listed several high-priority topics, relevant to tree breeding,
which related direCtly to tree physiology. These were: (a) the role of light, water and
nutrients in coMpetitive interactions between individuals and between families; (b)
the lengths of growing periods- (diurnal and annual); (c) pure (family or clonal) versus
mixed planting strategies; (d) effects of ageing on propagation, flowering and•wood
quality; (e) pest and pathogen resistance; (f ) wood formation; and (g) roots and their
associated fungi- and bacteria.
"Fhere was a general consensus that forestry research in general is underfunded in
relation to the rate of progress that could be achieved. Scarce resources arc best used
when geneticists and physiologists do joint studies, sharing the use of genetically
identified plant material, data, and facilities. Such collaboration would also promote
better understanding between these two branches of forest science.
FLOWERING
M. P. Coutts (Chairman), E. P. Bachelard, C. Couper, J. Dick, A. M. Fletcher,
M. Gienych, V. KoSki, R. M. Lanner, K. A. Longman, J. J. Philipson, S. D. Ross,
D. T. Seal.
Most of the discussion centred -on coniferous forest species, in pan reflecting the
general interest of members of the group, but also because broadleaved trees have
been less intensively investigated with respect to flowering and its control. It was
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stressed that research on flbwering in conifers has been of a largely empirical nature,
conducted mainly by applied research institutes, in response to the need to advance
tree breeding programmes more rapidly, and to ensure an adequate supply of improved
seed for reafforestation. This approach has led to the development of various tech-
niques, such as girdling, water stress, root pruning and the application of nitrogen
fertilizers and growth regulators (especially gibberellins), that can be used alone and
in combination to promote flowering in many conifers.
However, the empirical approach has yielded little understanding about how the
different treatments work, or about the flowering process at a basic level. Members of
the group agreed that this basic knowledge is essential if we are to be able to control
flowering efficiently and reliably. However, the group could not agree on the best
strategy for future research. Some believed that future research should involve model-
ling, based on detailed observations on physiology and ecology. Others felt that the
way forward lay with experimental work in controlled conditions, including whole-
plant physiology and biochemistry, and recognized the need for detailed work on
morphology and anatomy.
Several areas were identified where further research is especially warranted. One
concerned juvenility, and whether conifers undergo a true phase change involving
activation/repression of genes controlling flowering, or if the so-called juvenile condi-
tion exists, because the rapid vegetative growth during this developmental phase
results in essential nutrients and hormones being limiting for reproductive processes.
Evidence can be found which supports both hypotheses. The control of sex ratios was
considered another important research topic with practical applications for pollen
management and hybridization work. Depending on the species, the position of buds(within a branch, and within the crown), and the timing of treatments, photoperiod
and growth regulators (especially auxins) can all influence to sbrnedegree the ratio of
male to female cones produced, but mechanisms involved are poorly understood. The
prospects of being able to synchronize flowering times to produce hybrids in seed
orchards were also discussed, but it was thought that, in view of the difficulties, it was
not a very tractable problem, and alternative approaches, such as the use .of pollen
collected in previous years, were more worthwhile.
There wasmuch interest and discussion on the specific role, if any, of roots on
flowering in conifers. One • view  expressed was that actively growing roots may
export substances inhibitory to conebud differentiation, because many of the cultural
treatments (drought, girdling, root pruning) which promote flowering share in common
an ability to retard the growth of roots. However, it was noted that none of the
substances that roots might be expected to export are known to be inhibitory to
flowering in coniferi. Furthermore, it appears that the treatments in question invariably
also retard shoot elongation and, therefore, may result in an increased availability of
essential hormones and nutrients for reproductive development. Several members of
the group mentioned that they wcre working on this problem, but they had no definite
results to report.
Related to the role of roots was the possibility of developing specific rootstocks, as
in horticulture, both to enhancc flowering and to control tree size in conifer seed
orchards. Further investigations are required on the use of r.00tstocks, both to enhance
flowering, and as an approach to a better understanding of the role of roots in the
flowering process.
The hormonal control of flowering was another topic of great interest to members
of the group, several of whom were directly involved in this area of research. Although
exogenous applications of certain gibberellins (GAs), most notably a mixture of GA,
and GA,, effectively promote flowering in many members of the Pinaceae, questions
remain about the endogenous role of gibberellins in flowering, and this area requires
further investigation. lt was concluded that, despite the apparent importance of GAs,
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it is highly unlikely that flowering is under the control of a single stimulus. Rather, it
appears that conebud initiation and differentiation in conifers involve a continuum of
interacting processes - including different growth regulators, carbohydrates and
products of nitrogen metabolism - that occur over a relatively long period. Any one,
or several, of these processes could become limiting, thus preventing the initiation,
differentiation or development of conebuds. As physiologists, our object should be to
obtain a basic understanding of these interacting processes sufficient to allow their
control in a cost-efficient manner.
ROOTS AND MICROBIOLOGY
I). C. F. Fayle (Chairman), G. D. Bowen, J. G. Torrey, T. T Kozlowski, T O.
Perry, J. Wilson, L. J. Sheppard, R. Lines, J. D. Deans.
The conference increased the awareness among participants of the importance of root
systems and their environment. Roots were discussed in about three-quarters of the
presentations, and mycorrhizas were mentioned by one-fifth of the speakers.
The main topics touched on in discussion were assimilate partitioning to roots, root
function and activity, competition, allelopathy, genetics and tissue culture.
"Free and stand growth modelling is constrained by inadtNuate knowledge about the
roots. Estimates of the proportion of photosynthates partitioned to roots range from
about 20% to 60%; sitc factors probably play a major role, but the data are meagre.
Es-en less is known about partitioning within the root systems, between cambial growth
and elongation. What is the relative importance, functionally, of one gramme of dry
matter in one park of the root system as against another?
Inferences made by some speakers, about the above-ground yield of plantations of
narrow- vs wide-crowned trees, may well have to be modified when account is taken
of root dynamics and below-ground competition. These root aspects need to be studied
in single and mixed species plantations, and in mixed cropping systems.
Although quantitative data are needed on such topics as the growth periodicity,
abundance, distribution and longevity of coarse and fine roots in relation to environ-
mental factors, we should perhaps attempt to measure root activity in terMs of actual
water and nutrient uptake, and hormonal activities of the root system. There is still
disagreement about the relative roles of mycorrhizal hyphae, unsuberized, suberized
and secondarily thickened roots in water uptake. Our understanding of the growth
regulator function of roots is particularly inadequate. Reference was made to a pertinent
volume in press, viz. Net root formation in plants and cuttings,edited by M. B. Jackson,
and published by Martinus Niihoff, Netherlands (1985).
Technological advancements, such as the use of nutrient mists, may prove valuable
in studies of root activity. They may also allow studies of growth in relation to products
of decomposition and to allelopathy. Further study is needed on the effects of
allelochemicals on root and mycorrhizal growth. •he use of horticultural grades of
'Turface' (a commercial mix of mommorillonite prepared for greenhouse use by
International Minerals and Chemicals Corporation, USA) can provide a semblance of
the soil environment, and permit microtoming of roots in their environment.
Genetics may play a role in the 'design' of root systems for different site and
environmental conditions. For example, on certain sites, if root growth could be made
to occur at greater depths, moisture availability might be increased. Genetics may also
be important in growth regulator activities and in the formation and subsequent growth
of root systems from tissue cultures.
Discussion
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D. A. Perry (Chairman), W. R. Bentley, D. A. Rook, L. Karki, R. R B. Leakey,
R. Faulkner, P. von Carlowitz, D. E. Hibbs, M. Leikola. •
The goal of forestry and agroforestry is to produce value from land in a way that is
both efficient and reliable. There are two steps in this process: selection of individual
'ideotypes', and incorporation of individuals into stands. The latter - a marriage of
ecology and economics - may be thought of as a kind of 'biological architecture'.(There is a particularly nice symmetry in this view in that ecology and economics both
derive from the Greek 'oikos' for house.)
In any given environmental-social-economic setting, the design possibilities will be
numerous, ranging from monoclonal forests to intricate patterns in space and time. A
critical step in choosing among these possibilities, and a primary goal of the stand
architect, is to strike the proper balance between simplicity and complexity. Perry and
Bentley pointed out some of the important trade-offs in qualitative terms as follows:
Simple systems Complex systems
Inputs
managerial low high
labour low high
energy high low
capital high low to medium
Outputs
yield high (depends on how measured)
yield stability high
Non-market values
aesthetics low high
wildlife low high
watershed high high
The main issues facing the stand designer relate to how simple and diverse systems
differ in inputs (managerial, labour, energy) and outputs (yield, yield stability,
nonmarket values). Among the most compelling features of simple systems are the
relatively low levels of managerial labour inputs required. Managerial skill is always
a scarce commodity; however, computers will continue to make large-scale complexity
more manageable. With regard to labour, we must ask whether it makes economic or
social sense to design low labour input systems where there is a surplus of unemployed.
Energy inputs are better discussed in conjunction with yield stability.
The .design of any cropping system must take into account both yield and yield
stability. It is generally assumed that yield is maximized in stands containing a single
high-yielding ideotypc; however, forest researchers are becoming increasingly aware
of what agronomists have known for some time - that fast-growing individuals are
unlikely to produce the highest stand yields. Further, little is known aboutthe nature
of resource allocation in plant communities and, therefore, what yields are attainable
in cleverly designed mixtures. Intercropping can sometimes give higher yields than
sole cropping in agriculture.
A cropping system must provide immediate yields and insure against future losses.
Four factors are of particular concern: pests and pathogens, long-term soil productivity,
changes in climate, and changes in markets. No biological system ever was, or will
any ever be, robust against all possible perturbations. Nevertheless, natural systems
are generally well buffered, owing largely to their genetic and structural diversity
(their 'information content'). I listorically, farmers incorporated diversity into their
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systems as a form of insurance. In contrast, the simple system is buffered by energy
inputs rather than by internal information. Pests and pathogens are kept in check by
using chemicals and/or by conducting an endless race between plant breeders and
evolution; and soil productivity is maintained by using fertilizers. Two key questions
facing the stand designer are whether energy-intensive buffering strategies (a) are
reliable in the long run, and (b) make economic sense in a world with finite free energy
SOUrces.
The diversity incorporated into natural ecosystems and traditional agriculture buffers
them against whai might be termed the paradox of 'certain uncertainty'. Hubris to the
contrary, modern humans arc not immune to the unpredictability of the future and,
in fact, have accentuated it. There is a consensus among climatologists that average
global temperature is going to increase from I -5°C to 4-5°C in the next century, with
unpredictable effects on rainfall patterns (the average global temperature at the height
of the last glaciation was 5°C cooler than that today). Thus, the performance of a given
ideotyne in a given location May be quite different in the future than at present. It is
quite possible, for example, that a few degrees' warming will elevate winter temperat-
ures in north-west North America to the point where the chilling requirements of
Pseudotsuga menziesiiare no longer satisfied, and the species would no longer be
commercially viable in a large part of its range (D. Lavender, pers. comm.). It is
difficult to see how we can cope with 'certain uncertainty', particularly in long-lived
crops such as trees, other than to buffer systems through diversity.
Some group members felt there was a need to encourage tropical foresters and
farmers to domesticate and grow a wider range of tree species both in simple and
complex stand designs.
The group listed the following research needs. (a) Greater understanding is needed
of itsource allocation among plants in stands. (b) Mechanistic and/or holistic models
of stand growth and yield need to be constructed which incorporate ideotype diversity
and effects of site quality. (c) Becausc site quality is an important determinant of stand
design, improved methods are needed to classify land capability. (d) We need to identify
and preserve genetic diversity, especially that relating to temperature, moisture,-CO2
levels, and acid precipitation. (e) More understanding is needed on the role of
community structure in controlling pest populations. (f ) Economic models are needed
which incorporate nonmarket values (eg water quality), risk, and the irreversibility of
some management practices (such as soil degradation and narrowing the gene pool).
(g) More consideration should be given to the sociological aspects of land use.
LIGHT INTERCEPTION
P. G. Jarvis (Chairman), J. E. Jackson, P. A. Huxley, M. R. Kaufmann and R. E.
McMurtrie:
This gioup first cleared up -a misunderstanding that arose in earlier discussions.
They then went on to consider several points relating to management and radiation
interception. Next, consideration was given to an integrated strategy of modelling and
measurement to evaluate particular ideotypcs. Finally, the group considered the
consequences of this approach for the organization of research The main points are
listed below.
I. The relationship between growth and leaf area is one of diminishing returns
and may even exhibit an optimum leaf area index for growth. Consequently, at a
moderate to large leaf area index, some of the foliage can be removed without significant
adverse effects on growth. In his paper, Rook pointed out that, in Pinus radzata,up
to 40% of the foliage could be removed without significant adverse effect, and Jackson
Discussion 559
showed that halving the canopy volume of fruit trees reduced light interception by
only 10%. •hus, thinning quite heavily, or removing large portions of the canopy,
may have little immediate adverse effect on total growth. Indeed, this fact is pan of
the rationale behind 'respacing', thinning and pruning operations.
2. Maximizing light interception, a( least up to about 90%, throughout the life of
a crop must be the target for management, if dry matter increment throughout the life
of the plantation is to be maximized. Where forest tree thinning is done for commercial
purposes, it should not reduce interception much below 90% for too long. The
production of fruit buds, and the development of fruits of high commercial quality
do, however, depend on high light intensity within the fruiting zone of orchard trees.
Their management must, therefore, be aimed at minimizing within-tree shade at
critical times, while maximizing effective ground cover and light interception.
3. Putting on more leaf increases the loss 'of water from tree crops, both by
transpiration and interception loss, as well as increasing growth, because of the strong
coupling between tall crops and the atmosphere. This paradox is solved in natural
stands by the wide spacing between individual trees in areas whcre water is a scarce
resource (eg  Anus ponderosa in eastern Washington). In areas where water is limiting,
the manager may, therefore, have to modify his approach and settle for less than near
maximum light interception to conserve water. His goal would then be the maximum
light interception possible without the occurrence of scrious stress - both water and
nutrients.
4. The interception of radiation by vegetation must be treated at the stand level,
but within the stand the growth of individuals is usually important for the production
of a particular product. Because it is difficult to measure the distribution of radiation
and of the processes that are driven by radiation, we must use  models of stands
comprised of individuals. These models may be poor today for many crops, bin even
so we must make a start with them, and use them to provide practical guidelines for
forest managers and agroforesters. 'Hie models can be tested by  measurements of
processes, and these measurements should also lead to the generation of  Irmrotheses
and to  predictions of the performance of new genetic ideot}ves, such as the narrow-
crowned pincs and spruces.
5. Using existing models, it is possible to make reasonable predictions of things
like E/A (transpiration/assimilation) for stands with different structures, leaf area
indices and stresses, integrated over 12 months. These models, even if inexact, will
give insight into the importance of likely variables, and may be useful as planning
guides in a variety of situations, such as the various types of agroforestry in the tropics.
6. The parameterization and testing of process-based stand models are expensive
and need sustained investment in resources, manpower and commitment. It will not
be possible to provide adequate large-scale experiments to test models in many places,
so collaboration is essential.
SPECIES INDEX
The English common names of most tree species have been omitted from the text,
except for apple, cherry, tea, rubber etc., and common names that are not included
in the text are not indexed here. However, the authorities of Latin names, which were
also omitted from the text, are given here for all higher plants. •hanks are due to Dr
1.. J. Sheppard for her help in preparing both this index and the subject index.
A
Abies  spp.,
flowering, 403
self-thinning, 483
A. amabilis  Dougl. ex Forb.,
carbon budget, 167
mycorrhins, 304, 361
A. balsamea (L.) Mill.,
dimensions, 140, 141
A. concolor (Gord. & Glend.) Lindl.,
foliage distribution, 149
A. grandis (Dougl.) Lindl.,
foliage/sapwood, 148
seed production, 398
A.  lasiocarpa (Hook.) Mitt.,
. foliage/sapwood, 148
A.  procera Rehd.,
foliage/sapwood, 147
A.  sachalinensis Mast.,
crown characteristics, 148
Acacia spp.,
fruiting, 15, 289
fuclwood, 278
N, fixation, 367
tannins, 4
A.  albida  Del.,
effect on microsite, 19
phenology, 286
A. aneura F. Mue 11.,
fodder, 286, 290
A. catechu L. Willd.,
layering, 114
A.  santhophiczea Benth.,
fodder, 286
Acer corinatum  Pursh,
foliage/sapwood, 148
A. macrophyllum Pursh,
foliage/sapwood, 148
A.  negundo L.,
mycorrhins, 365
A. pseudoplatanus I..,
allometry, 153
flowering, 402
mycorrhizas, 365
A.  ntbnon  L.,
branching, 237
A.  saccharinwn  L.,
seed content, 491
A. saccharum Marsh
branching, 237
dimensions, 141•
mycorrhizas, 365
Acrocarpus spp.,
multipurpose, 19
Aesculus pp.,
nut producers, 428, 429, 432
A.  hippocastanwn. L.,
seed dispersal, 432
Agathis spp.,
seed, 398
A. robusza F. Mue
suckering, 111
Agrobacterium, 62, 221
Almond,
nut producer, 426, 428, 432, 434
Alnus  spp.,
flowers, 403
fuelwood, 278
multipurpose, 19
N, fixation, 320, 321, 361, 362, 366,
367
A. cordaw  Desf.,
N, fixation, 367
A.  crispo Mol lis Fem.,
N, fixation, 367
A.  glwinosa (L.) Gaertn.,
N, fixation, 366, 367
A. incana (L.) Moench,
N, fixation, 367
A. nizida (Spach) Endl.,
N, fixation, 367
A.  rubra Bong.,
in mixtures, 493
N, fixation, 367
Apple,
breeding, Chapter 4
canopy model, 509
economics, Chapter 26
flowering, 387
frost avoidance, 74
fruit set, Chapter 24
grafting, 113
layering, 114
meristem proliferation, 117
mycorrhizas, 361, 366
orchard design, Chapter 26
origin, 5
partitioning, 165, 171-179
polyemhryony, I I I
root abundance, 306
root storage, 310
shoot apex, 209
vegetative propagation, 114, 118-127
wood, 221
yields, 78, Chapter 26
Apricot,
flowering, 414
origin, 69
rootstocks, 58
Araucana  spp.,
nut producers, 427
origin, 5
Arenga spp.,
origin, 5
Artocarpus spp.,
origin, 5
A. azzlis (l'ark.) Fosb.,
caulifcrous, 415
A.  heterophyllus Lam.,
rooting cuttings, 126
Azeraninus lucidus (Sw.) Rothm.,
flowering, 405
Avocado,
breeding, 51
Species index 561
occurrence, I I
orchards753
origin, 5
precocity, 52
Azachrachta indica  A. Juss,
fodder, 285
Bacteria, Chapter 19
Bamboo,
flowering, 404
K accumulator, 350
Banana,
parthenocarpy, 8
Betula  spp..
breeding, 401
flowering, 403, 405
free growth, 82
fuelwood, 278
mycorrhizas, 364, 370
protoplast culture, 116
seed, 426
B. alleglwniensis Brit.,
dimensions, 141
B. papyrifera Marsh.,
dimensions, 141
B. pendula Roth.,
flowering. 405, 406
genetic selection, 107
B. populifoha Marsh.,
branching, 237
B. pubescens Ehrh.,
allometry, 153
ecotypes, 83
flowering, 405, 406
B. venucosa Ehrh.,
partitioning, 170, 171, 182
Boletus bovinus (fungus), 364
Boras=  sp.,
origin, 5
Bogie senegalensis Hochst. ex Walp.
Ann,
phenology, 286
Brachiana  sp. (grass), 342
Breadfruit,
origin and occurrence, 7, 8, 11
Cacao,
embryogenesis, 116
flowering, 404, 411,415
562 Species index
fruit drop, 176
meristem proliferation, 118
mycorrhizas, 361
origin, 5, 69
rooting, 120
self-incompatibility, 4
soil changes, 330, 335, 341-344, 352
yield and vegetative vigour,  7
Cadabra farirwsa  Eorsk.,
fodder, 287
Caesalpinia echinata Lam.,
soil changes, 346-348
Calliandra  spp.,
multipurpose, 19, 278
Calluna vulgaris (L.) I lull,
fodder, 283
Ca Itha intraloba F.  Mlle II.,
temperature adaptation, 85
Camellia sinensis (L.) 0. Kuntze (see
•ea),
Cana spp.,
nut producers, 428, 429
C. cordifonnis (Wangh.) K. Koch.,
hybrid pccan, 435
C. illmoensis (Wangh.) K. Koch.,
pecan production, 434, 435
C. laciniosa (Michx. f.),
hybrid pecan, 435
C.  avow  (Mill.) K. Koch.,
hybrid pecan, 434, 435
Cashew,
origin, 7
yield, 24
Cassava, 24, 341
Castanea spp.,
fuelwood, 278
meristem proliferation, 118
nut dispersal, 432
nut producers, 428, 429
C. crenata Sieb. & Zucc.,
nut producer, 433
C.  mollissima Blume,
nut producer, 433
C. swim Mill. syn. C.  vesca Gaenn.,
fodder, 284
nut producer, 433
rooting cuttings, 127
shade leaves, 485
Castanopsis pp.,
nut dispersal, 432
nut producers, 428
C. chrysophylla (Dough.) A. DC.,
foliage/sapwood, 148
Casuarina spp.,
fuelwood, 279
N, fixation, 361, 366
C.  equiselifolia L.,
N2 fixation, 320
Ceanothus pp.,
N2 fixation, 323, 374
Cenococcum geophilum (fungus), 363
Chamaecyparis obtusa Sieb. & Zucc.,
crown characters, 148
Cherry (see also Sweet cherry, Sour
cherry),
flowering, 414
meristem proliferation, 117
mycorrhizas, 361
orchard design, 456
rootstocks, 59
Citrus  spp. (see also Orange, Lemon,
etc),
adaptation, 69
apomixis, 60
embryogenesis, 116, 117
fruit set, 176, 415, 418
mycorrhizas, 361, 365
origin, 5
partitioning, 165, 178
ploidy, 59, 60, 419
polyembryony, 11 1
rootstocks, 58, 59
self-fertility, 421
taxonomy, 4
yield, 24
C.  aurantifolia  (Christm.) Swingle (see
Lime)
C. madurensis Lour. syn.  C. japponica
Thunb.,
partitioning, 178
C. sinensis (Linn.) Osbeck cv.
Shamouti,
organogenesis, 116
Cleistopholis glauca  Pierre ex Engl. &
Diets,
rooting cuttings, 121
Cocoa (see Cacao)
Coconut,
fronds for fuel, 272
fruit drop, 176
nut type, 426
origin, 5
selection, 7
Coffee,
adaptation, 69
fruit drop, 176
fruiting, 410, 411
mycorrhizas, 361
partitioning, 165, 174-179
soil erosion, 341
yield, 24
Coffea arabica  L.,
adaptation, 17
embryogenesis, 116
inbreeding, 6
origin, 4, 5
partitioning, 175
ploidy, 4
replant problem, 19
Combraum aadeatum Vent.,
fodder, 287
C. tenuipetiolatum Wickens,
morphology, 16
Compton:a peregrina(L.) Coult.
syn.  Liquidambar peregrina L.,
Frankia  isolates, 367
Cordia alhodora (R. & P.) Cham.,
growth, 335
C. tnchounna Vell. ex Stend.,
soil changes, 346-348
Cm:aria  spp.,
N, fixation, 366
Cornus florida  L.,
branching, 237
Corylus spp.,
flowers, 403
nut producers, 428, 429
C. maxima Mill. (see Filbert)
Cronartrum quercum (fusiform rust), 37
Cryptomena japonica  1). Don,
clonal propagation, 9
crown characteristics, 148
dimensions, 141
Kumatoosi cv., 42
leaf area index, 248
origin, 5
partitioning, 184
Cupressns lusitanica
soil changes, 346
Cyanobacteria, 317, 318, 320
Cydonia oblonga Mill. (quince),
rootstock, 52
Dactyl:5 glomerata L. (grass), 83
Dalbergsa negra Allem. ex Benth.,
soil changes, 346-348
Diospyros virgimana  Linn. (see
Persimmon)
Species index
Dipterocarps,
flowering, 404
polyembryony, I I 1
apterocarpur oblongifohus Blume,
flowering, 406
Doryphora sassafras Endl.,
suckering, Ill
Durio zibahmus Murray,
cauliferous, 415
Dysaplus devecta (aphid), 56
D. plantaginea (aphid), 56
Elaeagnus umbellam Thunb.,
mixture with walnut, 94, 323
Elaeis guineensir Jacq. (seeOil palm)
Endogone mosseae (fungus), 365
Equisetum sp. (herb), 258
Eriosoma lanzgerum (aphid), 59
Erythrina  spp.,
multipurpose, 19
E. fusca  Lour.,
coffee overstorey, 352
Envinia amylovora (fireblight), 54, 56
Eucalyptus spp.,
cash value, 541
exudates, 258, 259
fire, 261
fuelwood, 278
hybrids, 41
litter, 19
mycorrhizas, 362
nutrition, 311
origin, 5
soil changes, 329
E. cariodora Hook.,
meristem culture, 117, 118
E.  fit:folio  F. Muell.,
meristem proliferation, 118
globulus Labillardere,
partitioning, 183
E.  grandis Hill ex Maiden,
rooting cuttings, 126
E. ntarginata Don ex S.M.,
root abundance, 306
E. obliqua  L'Hérit,
foliage/stem, 147
E. pauciflora Sieb.,
ecotypes, 84
E.  regnans F.  Muell.,
dimensions, 141
Eugenia spp.,
563
564
polyembryony, 11 I
Eugkna  spp.. 263, 264
Fagus  spp.,
nut producers, 428, 429
F englerana Seemen,
nut producer, 434
F. grandiflora  Ehrh.,
branching, 237
F. grandfolia  Ehrh.,
nut dispersal, 431
nut producer, 434
F. sylvanca  L.,
flowering, 403
in mixtures, 492
photosynthesis, 241, 511
soil tolerance, 309
Feretia apodanthera Delile,
fodder, 287
Festuca arundinacea  Schreb (grass), 83
F. rubra L.  (grass), 83. 84
Ficus canca  L.  (fig),
breeding system, 49
layering, 114
Filbert  (C. maxima  Mill.),
layering, 114
nut variation. 134
Fomes spp. (fungus), 318
F. annosus  (fungus), 364
Frankia  spp. (actinomycetes),
N, fixation, 262, 320, Chapter 21
Fraxinus  spp.,
bud-burst, 80
fodder, 282
mycorrhizas, 361
xylem development, 219
F. americana L.,
branching, 237
mycorrhizas, 365
F.  pennsylvaruca  Marsh.,
mycorrhizas, 365
Fusarium oxysponon (fungus), 364
Garcinia  spp.,
polyembryony, I 1 I
Gingko,
nut producer, 427, 434
Ghncidia  spp.,
multipurpose, 19
Species index
G. septum syn.  macuhua FLA. & K.,
fodder, 291, 292
Glomus epigaeus (fungus), 369
G. etunicatus (fungus), 365
G.  fasciculants  (fungus), 365
G. microcarpus (fungus), 364
G. mossae (fungus), 365
Glycine javanica  L.  (legume), 493
Gmelina arborea Roxb.,
soil changes, 333, 335, 338-354
Gorse,
fodder, 283
Grevillea  spp.,
multipurpose, 19
Grewia  sp.,
morphology, 16
G. optiva J. R. Drumm.,
layering, 114
Guayule  (Parthenium  argentatum A.
Gray),
mycorrhizas, 262
root secretions, 19
Gynerium spp.,
soil changes, 350
Hardwickia binata  Roxb.,
fodder, 289
Hebelwna crustulintfonne  (fungus), 364
I ledera  he/ix  L. (ivy),
fodder, 282
juvenile phase, 399
Helicon:a  spp.,
soil changes, 350
Ilevea  brazihensis  Rauh.,
branching, 233
harvest index, 7, 164, 165
mycorrhizas, 361
origin, 4, 5
soil changes, Chapter 20
yield, 265-267
Holly,
fodder, 282, 283
Ilex  aguilifoliurn  L.,
fodder, 282
I. vertical=  A.  Gray,
dimensions, 141
Inga  spp.,
multipurpose, 19
Inocybe lacera (fungus), 364
Jojoba,
new crop, 11
Jug lans  spp.,
nut producers, 428, 429, 432
J. ailantifolus Carr.,
nut producer, 434
J. mgra  I..,
breeding. 38
idcotypc, 93
mixture, 94, 323
mycorrhizas, 365
nut produccr, 433, 434
provenance transfer, 95y. regia  L.,
breeding, 53
nut producer, 434
junipents  spp.,
seed dispersal. 430
Klima grandifolia  C. DC.,
mycorrhizas, 365
K. ivorensis A. Cher.,
meristem proliferation, 118
rooting, 118
Kudzu,
legume cover, 336, 337, 342
Laccaria laccata (fungus), 362, 364, 369
Lansium spp.,
polyembryony, 11 1
Larix  spp.,
flowering, 401, 402
fuelwood, 278
rooting cuttings, 125
L. decidua Mill. syn.  L. europaea DC.,
flowering, 403
L.  kaempferi (Lamb) Carr. syn  L
leptokpis Endl.,
flowering, 404, 405
L. loricena (Du Roi) K. Koch,
foliage distribution, 149
L. occidentalis  Nutt.,
competition response, 491
foliage/sapwood, 148
Lathyrus japonicus Willd. (herb), 85, 86
Species index 565
Lemon,
mycorrhizas, 365
Leucaena leucocephala (Lam.) DeWit,
fodder, 284, 288-290, 292
fuelwood, 278, 279
selection & breeding, 10, 15, 17, 18
Leucopaillus creaks  (fungus), 364
433 Liquidambar spp.,
fuelwood, 278
mycorrhizas, 361
suckers, 111
L.  .gyraciflua L.,
mycorrhizas, 365
Liriodendron spp.,
mycorrhizas, 361
L.  tulipifera  L.,
carbon budget, 166
stem dimensions, 140, 144
Lithocarpus spp.,
nut dispersal, 432
nut producers, 428, 429
Lobelia keniensis Engl. (African alpine),
261
Lolium muhiflonon Lam. (grass), 170,
171
L. perenne L. (grass), 83
Macadamia,
origin, 5
Maize, 24, 341
Malus  spp.,
suckers, Ill
M.  baccata (L.) Borkh.,
fruit breeding, 54
At. floribunda  Sieb. ex Van floutte,
fruit breeding, 56
At . purmla  Mill. syn.  M.  sylvestru  Mill.
(see Apple)
M. robusta (Carr.) Rehd.,
fruit breeding, 55
Af.  zunu  (Matsum.) ReM.,
fruit breeding, 55
Maneera  irldia  L. (mango),
apomixistporyembryony, 8, 58
embryogenems, 117
fruit drop, 176
rooting cuttings, 121
Maruhot esculenta Crantz. (cassava),
233, 404
Mechcago arborea L.,
fodder, 282
566 Species index
Al elaidogvne spp. (nematodes),
resistance, 59, 62
Mesquite (see  Prosopis),
Aletasequoia glsptostroboides Hu &
Cheng,
flowering, 398, 406
Mildew (see  Podosplzaera)
Mimosa cacsalpiniaefolia Benth.,
N, &anon, 368
Monodara ntyristica  Gaertn.,
morphology, 16
Monts alba L.,
layering, 114
Mycorrhizas (see Subject Index)
Alvaus  persicae  (aphid), 57
Nauclea diderrichii  Merrill,
rooting cuttings, 121
Nectarine,
intensive culture, 53
origin, 61
Nectria galligena  (canker), 56
Neem (see  Azadiraclua indica)
Nephdium litchi  Cambess (Litchi),
layering, 114
Narobacrer,263
Nitrosomonas,  263
Notlwfagus  spp.,
seed, 398, 426
N. solandri  (Hook) Oerst.,
root respiration, 511
Nunfraga  spp. (nutcracker birds), 430
0
Oil palm,
clones, 9
flowering, 404
harvest index, 7, 164, 165, 176
mycorrhizas, 361
origin, 4, 5
soil changes, Chapter 20
Olea europaeaL. (olive),
adaptation, 69
origin, 5
rooting cuttings, 120, 125
Orange,
mycorrhizas, 365
pruning, 194
transpiration, 478
yields, 24
Oxyria dignya  (L.) Hill (herb), 83-85
l'anicum  maximum Jacq (grass), 493
Parasponia sp.,
N, fixation, 320
Parthenium argentatum  A. Gray (see
Quayule)
Pard lus involutus  (fungus), 363
Peach,
breeding system, 6, 49, 51
chilling, 54, 62
dwarf type, 53
fertility, 421
flowering, 54, 414
grafting, 113
market, 62
orchard design, 443, 456
partitioning, 165, 178
pollen tubes, 54
polyploidy, 59
pruning, 174
quality, 57
rootstocks, 59, 62
sharka disease, 57
Pear,
chilling, 54
fireblight, 56
flowering, 54, 414
fruit set, 419
grafting, 113
inbreeding, 51
juvenility, 52
layering, 114
orchard design, 456
parthenocarpy, 54
ploidy, 60
resistance, 51
rooting cuttings, 120
rootstocks, 58
Pecan  (see Carya spp.)
Pechibaye,
occurrence, I I
origin, 5
Persea americana  Mill.,
rooting cuttings, 127
Persimmon,
quality, 57
Phaseolus vulgaris  L. (herb), 91
Ph leurnpratenseL. (grass), 364
Phyroplulwraspp. (fungi), 56, 58, 364
Picea  spp.,
branching, 231
breeding, 43
P. abies  (L.) Karst. syn  P. excelsa  Link,
bud-burst, 81
clonal forestry, 44
competition response, 486, 490
flowering, 386
grafting, 112
ideotypes, Chapter 8
in mixtures, 492
mycorrhizas, 362, 364
organogenesis, 115. 116
partitioning, 183
photosynthesis, 241, 511
rooting cuttings, 126
stem form, 144
temperature optimum, 82, 83
P. engebnanii  (Parry) Engelm.,
dimensions, 139
flowering, 386
P. glauca  (Moench) Voss.,
dimensions, 139, 141
grafting, 112
P. mariana  (Mill.) Britten, Sterns &
Pogg.,
dimensions, 139, 141
1'. sitchensis (Bong.) Carr.,
branching, 106, 245-248
bud-burst, 81
carbon budget, 167
competition response, 487, 488, 490
flowering, 390, 400, 402, 403, 406
photosynthesis, 467
root abundance, 306
root/shoot, 175
seed orchards, 43
wood formation, 215
Pifion pines, Chapter 25
Pinus  spp.,
flowering, 385, 387
nut producers, 427
tropical plantations, Chapter 20
P. albicaulis  Engelm.,
nut producer, 427, 430
P. auenuata  Lemmon,
hybrids, 40
P. banksiana  Lamb.,
dimensions, 139
foliage distribution, 149
partitioning, 183
rooting cuttings, 120
P. caribara  Morekt,
Species index 567
branching, 233
origin, 5
soil changes, Chapter 20
P. caribaea  var.  handurensis Barr. &
Golf,
dimensions, 141
flowering, 406
seed-set, 398
P. cembra I..,
nut producer, 427, 430
temperature optimum, 83
P. cotuotta  Dougl.,
branching, 106, 248
cambium, 210-212, 214-216, 218
competition response, 488, 491
flowering, 406
foliage distribution, 149
needle/branchwood, 486
root respiration, 511
seed production, 398
slash decomposition, 316
P. densifiora  Sieb. & Zucc.,
partitioning, 184, 187
P. echinata  Mill.,
foliage/branchwood, 147
mycorrhizas, 364
resistance, 41
P. edulis  Endl. syn.  P.  cembroides edulis
Voss.,
nut producer, 434
P. ellionii  var.  elliottii  Engelm.,
breeding, 37
flowering, 387
mycorrhizas, 311, 362
nutrition, 310
stem form, 146
P. flexilis  James,
nut producer, 430
P. kesiya  Gord.,
flowering, 406
P.  koraiensis Sieb. & Zucc.,
nut producer, 427, 430
P.  lambeniana Dougl.,
foliage distribution, 149
P. merkusii  Jungh. & de Vriesc,
'grass' stage, 399
P. monophylla  Torr. & Frem.,
nut producer, 434
P. monticola  Dougl. ex D. Don,
foliage/sapwood, 148
P. nigra var. maritima  (Ait.) Melville,
syn.  P. calabrica Loud.,  P. conicana
Loud.,  P. laricio  (Poir.),
568 Species index
mycorrhizas, 362
N uptake. 309
partitioning, 183
1'. palustris  Mill..
'grass' stage, 399, 402
seed content, 491
V patula  Schlecht. & Chamisso,
mycorrhizas. 362
soil changes, 346
P. pinea L.,
nut producer, 427
P. ponderosa Dougl.,
dimensions, 139
foliage/stem, 147, 148
mycorrhizas, 362, 363, 371. 372
self-thinning, 496, 497
P. pumila  Lamb.,
nut producer, 427, 430
P. radiaza1). Don,
canopy models, Chapter 29
clonal propagation, 9
competition response. 483, 484, 487
cone production, 177
exotic origin, 5, 69
flowering, 388, 390
foliage distribution, 149, Chapter 29
hybrids, 40
leaf area index, 248, Chapter 29
management models, 107
meristem proliferation, 118
mycorrhizas, 362, 371, 372
organogenesis, 116
partitioning, 184, 187, 198, 518-520
root function, 305, 306, 308, 309, 31
self-thinning, 484
vegetative propagation, 39. 127
P. resinosa Ait.,
dimensions, 141
temperature optimum., 82
P.  ngida  Mill.,
breeding, 39, 40
mycorrhizas, 362
P. roxburgii  Sarg.,
mycorrhizas, 362
P. sibirica  Du Tour syn.  P. cembro var
sibirica  Loudon,
nut producer, 427, 430
P. strobusL.,
provenance, 95
seed content, 491
P. sylvestnsL.,
branching, 92
cambium, 214
canopy conductance, 510
carbon budgets, 166, 171-173,
182-184
competition response, 485, 486
cone production, 177
crown form, 237, 238
crown illumination, 241
dimensions, 139, 141
fine roots, 304
foliage distribution, 149
foliage/stem, 147
grafting, 112
ideotypes, Chapter 8
in mixtures, 492
mycorrhizas, 363
partitioning, 194
photosynthesis, 511
root abundance, 306
root respiration, 511
rooting cuttings, 120, 123, 127
temperature optimum, 82
transpiration, 470
P. taeda I ,
breeding, 39-42
carbon budget, 167
chemical composition, 491
family competition, 494
flowering, 43, 384, 406
growth models, 154
hybrids, 40
mycorrhizas, 362, 363
nutrient uptake, 309
organogenesis, 116
resistance, 41
stcm form, 146
yield improvement, 89
P.  thunbergii  Parl.,
flowering, 406
P. virgin:ono  Mill.,
branching, 248
partitioning, 188
Pisolithus tincwrius (fungus), 322,323,
362-364, 371
Pistachio vera L. (pistachio),
meristem proliferation, 118
rooting cuttings, 122
Pkuanus spp.,
fuelwood, 278
mycorrhizas, 361
P. occidentahsL.,
mycorrhizas, 365
Plum,
flowering & fruit set, 54
grafting, 112
Japanese plum, 57
meristem proliferation, 117
orchard design, 456
rooting cuttings, 120, 123, 124
rootstocks, 59
selection, 54
Podosphaero leuconicha (mildew), 55
Poncuus trifolusta  Raf.,
breeding citrus, 54
Populus spp. (poplar),
assimilate movement, 239, 243, 312,
313
branching, 231
cambial development. 210, 216
competition, 494
fodder, 282
'free' growth, 82
fuelwood, 278
growth model, 154
hybrids, 40
ideotypes, 97-99
leaf area index, 248
meristem proliferation, 118
nutrition, 310
rooting cuttings, 39, 114. 123, 124
suckers, 11 1
weed control. 94
I'. deltoides Bartr. ex Marsh,
breeding, 41
P. X euramerwana (Dode) Guinier,
rooting cuttings, 120
P. grandidentata Michx..
partitioning, 183
P. tremula I..,
rooting cuttings, 114, 120
suckers. 11 I
P. tremuloides Michx.,
branching, 237
stem form, 145
suckers, 114
timber, scarcity, 533
I'. trichocarpo Hook.,
competition, 494
partitioning, 187
Prosopis spp.,
• fodder, 285, 289
fruiting, 15
fuelwood, 278, 279
P. aneraria  (L.) Druce syn.  P. spwigera
MacBride,
effect  of micrositc, 18
fodder, 282, 287, 288
Species index 569
P. glandulosa var.  glanduloso Torr. syn.
P. juliflora,
effect of microsite, 19
fodder, 285, 286
Prunus spp. (see also Cherry, Almond,
Apricot, Plum, etc),
grafting, 113
nut producers, 428, 429
origin, 113
ploidy, 4
suckcrs, Ill
P. anneniaca I.. (see Apricot)
P. <alum  L. (see Sweet cherry)
P. ceraufera Ehrh.,
plum origin, 59
P. cerasus L. (see Sour cherry)
P. domestica L. (see Plum)
P. dukts  (Mill.) D. A. Webb (see
Almond)
P. persica L. (see Peach)
P. salicina Lindl. (Japanese plum),
flesh colour, 57
serotina Ehrh.,
mycorrhizas, 365
resistance, 56
P.  spinosa L.,
plum origin, 59
P ussuriensis Kovalev & Kostina,
resistance, 56
P. voginiana  L.,
rhizomes, 11 I
suckers, 114
Pseudomonas morsprunorton (canker), 56
Pseudotsuga menzzesii (Mirb.) Franco,
breeding, 42
bud-burst, 81
competition response, 486-497
dormancy, 312
fine roots, 304
flowering, 385, 387-392, 401
foliage distribution, 149
foliage/stem, 147, 148
grafting, 112
in mixtures, 492, 493
mycorrhizas, 312, 319,  see Chapter
21
nutrition, 171, 172
partitioning, 93, 183, 184, 194
rooting cuttings, 125
rotation length, 540
self-thinning, 496, 497
timber scarcity, 533
yield improvement, 89
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yield models, 107
wood formation, 220
Pueraria phaseolordes Benth. (see
Kudzu)
Pyrza communis L.  (see Pear)
P. ussvrienszs Maxim,
cold hardiness, 54
Pythium  spp. (fungi), 368
Quercus spp.,
acorn producers, 71, 428, 429
breeding, 38
bud-burst, 80
foliage/sapwood, 148
fuelwood, 278
Q.alha  L.,
acorn producer, 434
Q.gambelii Nun.,
rhizomes, 1 1 I
suckers, 114, 115
Q.  macrocarpa Michx.,
acorn producer, 434
Q.paraea  Mattuschka syn.  Q.
sessiliflora Lieblein,
acorn dispersal, 431
competition response, 486
crown form, 237, 238-
Q.  plullwaeoides A. Gray,
branching, 237
Q. robur  L. syn.  Q. pedunculata Ehrh.,
acorn dispersal, 431
ideotype, 93
Q. rubra Du Roi syn. Q. borealis
Michx.,
branching, 237
management, 535
seed content, 491
timber scarcity, 533
Quince,
grafting, 113
rootstock, 58
Regnellidium sp. (fern), 263
Rhizolnum spp. (bacteria).
N, fixation, 262, 320, 322, 367,,493,
500 and see Chapter 21
R. trifolii  (bacteria), 371
Rhizocwnia  spp. (fungus), 364
Rhizopogon !woks  (fungus), 362
Rhododendron spp.,
rooting cuttings, 121
R.  macrophyllum G. Don,
foliage/sapwood, 148
Ricinus sp. (castor oil), 210
Robinia  spp.,
fuelwood, 278
suckers, 1 1 1
Rubber (see Helga braziliensis)
Rubus spectabilis Pursh.,
mycorrhizas, 364
a
Sago palm,
carbohydrate yield, 4
Salix  spp.,
fuelwood, 278
hybrids, 40
rooting cuttings, 39, 114, 123 124
Santalum album  Linn.,
embryogenesis, 117
suckers, 111
Schima wallichii  Choisy,
fodder, 288
Sequoia gigantea Lindl. syn.
Sequoiadendron giganteum
Buchholz.,
flowering, 401
stem form, 142
S. sempervirens (D. Don) Endl.,
meristem proliferation, 118
seed production, 398
Sesbania spp.,
fuelwood, 278
multipurpose, 19
S. sesban Merrill,
fodder, 290
Shorea agami Wood ex Ashton,
polyembryony, 1 1 1
S. avails  (Korth.) 131.,
polyembryony, 11 1
Sour cherry,
self-fertile, 54
Stylosanthes pp. (legume), 19, 293
Suillus granulatus (fungus), 362, 372
S. grevillii  (fungus), 362
S. luteus (fungus), 362
S. variegatus (fungus), 363
Sweet cherry,
compact types, 53
resistance, 56
self-fertility, 54
Swietenia spp.,
origin, 5
Tabebuia palhda  Mien.,
branching, 404,
Tamarindus indica  L.,
vegetative propagation, 117
Taxus spp.,
wood formation, 220
T. brevifolia Nun.,
mycorrhizas, 364
Tea,
harvest index, 161, 162, 165
origin, 4, 5
partitioning, 179, 180
Tectona grandzs I.. (teak),
flowering, 404
soil changes, 329, 342
vegetative propagation, 117
Terminalia  spp.,
morphology, 16
multipurpose, 19
7'.  catappa L.,
branching, 241
T ivorensis A. Chev.,
flowering, 404
rooting cuttings, 121
Thelephora terrestns (fungus), 363, 364,
369
Theobroma cacao I..  (see Cacao)
Thuja phcaw  D. Don,
flowering, 401, 405
foliage/sapwood, 148
mycorrhizas. 371
Ti ha  spp.,
fodder, 282
T argentea= 7'. tonnentosa Moench,
flowering, 405
T. cordata Mill.,
mycorrhizas, 363
Taniya  spp.,
nut producers, 427
Trema spp. =  Parasponia spp.,
root nodules, 361
Triplochiton spp.,
origin, 5
7'. scleroxyhm K. Schum.,
Species index 571
branching, 249
flowering, 400
rooting cuttings, 114, 120-126
seed supply, 398
Tsuga heterophylla (Raf.) Sarg.,
flowering, 387
in mixtures, 492
timber scarcity, 533
7.0ha  latifoha  L. (herb), 85
Ulex europaeus L.,
fodder, 283
litmus  spp.,
flowering, 402
fodder,  282
suckers, 11 I
V
Ventura inaequalu (scab fungus), 55
Viburnum alnifolium  Marsh.,
flower buds, 405
V. prumfolium
branching, 237
Vicia faba  L. (herb), 322
Virus (see Subject Index),
Walnut,
see Chapter 25
Wheat, 86
Woolly aphid, 62
Yam, 342
Zizyphus maurittana Lam.,
fodder, 286
Z. nwmnulana Burm, f.,
fodder, 282, 289
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416-418
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capacity of roots, Chapter 18
Acclimatization,
chloroplasts, 91
photosynthesis, 84
(see Adaptation, Frost)
Acetylene reduction, 367
Acid deposition, 324
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of fruits, 450
of tropical soils, Chapter 20
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Acorns, 283, 431-432
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of leaves and photosynthesis, 239
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Ageing,
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poplar ideotypcs, Chapter 7
(see Crown)
Subject index 573
Arctic ecotypes, 83, 85
Arginine, 386, 387
Aridisols, 331
Arrhenius plot, 84
Asexual propagation
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320-322
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Autoplastic grafts, 112
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cambial growth, Chapter 13
embryogenesis, 117
flowering, 388
fruit set & abscission, 416, 418
layering, 114
meristem proliferation, 118
organogenesis, 116
rooting cuttings, 114, 119, 120
from roots, 310
suckering, Ill
Axe, 279, 280
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forest tree breeding, 40, 41
fruit tree breeding, 52, 55
BAP (sce Benzyladenine)
Bark,
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photosynthesis, 511
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Bats, 433
574 Subject index
Beam (cantilever), 242, 243
Beechnuts, 431, 432
Bending,
of branches, 242, 243
stimulates cambium. 213
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sway)
Benzyladenine.
embryogenesis, 117
meristem proliferation. 117, 118
Biennial bearing, 164, 415
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Bifurcation ratio, 234-246
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13-inhibitor, 114
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Bioeconomic function, 527
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Biophages, 261, 262
Biosynthesis, 256
Biotechnology, 91
Birds, 430-432
Blanching,
and rooting cuttings, 124
Blue jay, 431
Bordered pit factor, 220
Bordered pits, 216, 217
Boreal forest, temperature opt., 82
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Bourse buds, 415
Branching, Chapter 14
angle inheritance, 105
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proleptic, 231
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rooting cuttings, 126
& seed dispersal, 433
sylleptic & vegetative propagation,
117
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Branchwood,
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growth, 149, Chapter 14
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bud-burst date. 81
& evolution, 8-10
& flowering, 117, 398, 399
forest trees, Chapter 3
fruit trees, Chapter 4
fuelwood trees, 278, 279
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latex yield, 267
multipurpose trees, 18
narrowing variability, 96
temperature optimum, Chapter 6
yield improvement, 72
(see Genetic, Selection)
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Browze, 21, Chapter 15
Bryophytes, 256, 258, 263, 264
Bud structure (sce Morphology)
Bud-burst (bud-break),
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& frost damage, 75
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light interception, 80, 81
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(see Chilling, Flushing)
Buds,
ageing & flowering, Chapter 23
development & flowering, Chapter 22
development & temperature, 82
& vegetative propagation, Ill,
Chapter 9
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Bud-set,
& assimilate movement, 239, 312, 313
Buffering, 72, 501, 502
Bulldozer. 335, 337, 342, 343, 349, 354
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Burning,
clearing tropical forest, Chapter 20
Burr knots, 59
Butadiene, 266
Buttswell, 143, 152
C,/C, photosynthesis, 473
"C-labelled assimilates
to flower buds, 385, 390
to fruits, 15
to roots, 305
Cache, 430-433
Cadmium tolerance, 366
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Callus, 9, 61, 112, 115-118
Calorific values, 273, 275, 276
Cambium, Chapter 13
co-ordinated growth, 412
development, 246, 247
& grafting, III, 112
& productivity, Chapter 12
as a sink, 92, 181-186
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distribution of foliage. 148-152
partitioning after closure. 184
properties, Chapter  27
tree models of, Chapter 29
& tropical soils, 335-336
& understorey production, 290
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investment in orchards, 444
Carbohydrate,
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rooting cuttings, 122, 125, 126
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Storage)
Carbon budgets. 164-168, 173,
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(see l'hotosynthesis)
Carbon/hydrogen ratio,
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Carina! canals, 258
Catabolism, 113
Catalyst, 274, 275
Catena, 229
Catenative formula, 232
CCC, 388
Cell culture,
in fruit tree breeding, 61
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Cx1I division,
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& temperature, 81, 82
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cambium & wood, 215, 216
& temperature, 81, 82
Cx11 membranes,84
Cell numbers in fruits. 410
Cell wall differentiation, 217
Cellulose, 217, 221, 275
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control of pests, 55
fruit setting, 418, 421
industry feedstocks, 265, 266. 549
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of tree fodder, 291
of wood, 491, Chapter 31
Chemolithotrophs, 261, 263
Cherelle wilt, 176
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& flowering, 405. 406
fruit tree requirement, 54, 62
& grafting, 113
injury, 84
& rooting cuttings, 125
Chimera, 61, 104
China clay, 548
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short-rotation poplar, 98
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Clay content of soil, 333
Clearing tropical forests. Chapter 20
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& fruit yield, 74-76
& tree origin, 69
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bank, 103
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disaster risk, 41
enzyme properties, 85, 86
flowering studies, 399, 401, 406, 407
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of fruit trees, 51, 58, 61, 418,
Chapter 4
576 SubjeCt index
fuelwood trees, 279
mixtures, 493, 494
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Combinational hybrids, 40, 41
Comminuted wood, 546, 547, 550, 551
for fuel, 273
products, Chapter 31
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in agroforestry, 26, 27
Community forestry, 538
Compaction of soil, 334
Compatibility,
of grafts, 112
of rootstocks, 58
'Competence' of cells, 209
Competition, Chapter 28
& adaptation, 69
& agroforestry, Chapter 2
competitive tension, 491, 492
& crown structure, 237, 238
role of exudates, 261, 262
& ideotypes, 90, 93, 94, 103, 107
indices, 497, 498
in markets, 443-445
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& partitioning, 186, 187
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& stand development, 246, 247
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vegetative vs floral, 410, 411
(see Density, Economics)
Components of yield, 73, Chapter 7
Compressionwood, 214, 218
for fuel, 273
Conductance,
of canopy & stomata, 72, Chapter 27
of wood, 148
Conebuds, Chapter 22
Cones,
& flowering, Chapter 23
positions on tree, 402
Conservation,
of genetic resources, 11, 12, 278, 534,
535
C6nservative growth strategies,
Chapter 5
Constant final yield law, 491
Consumer,
of forest products, Chapter 30
& fruit tree breeding, 50
Controlled environments, 476, 477
Convective resistance (transfer),
Chapter 27
Cooking, with fuelwood, Chapter 16
Coppice/coppicing,
for fuelwood, 279
& juvenility, 400
method, 22
rooting cuttings, 126
short-rotation poplar, 98, 99
Cordon, 53, 442
Correlated responses to selection,
6-8, 10
Correlation,
'false', 162
juvenile-mature, 95
morphological traits, 106
physiology & yield, 10
(see Allometry)
Correlative influence (inhibition), 412,
Chapter 24
Cortex, 209
Con-id birds, 430-432
Cosmetics, 549
Costs,
of fruit production, 443-450
Cotyledon, 115
Coumarin, 216
Coupling,
foliage to wood partitioning, 182
plants to atmosphere, 72, Chapter 27
Cover crops, 335-337, 370
Crop ideotype (see Ideotype)
Crop physiology, 10
Cropping systems, 290, 293
Crown,
architecture, 92
characteristics, 148-152
& competition, 484-490, 497, 498
flower positions, 402, 403
of ideotypes, Chapter 8
models of photosynthesis, 509-517
of nut-bearers, 433
& orchard design, Chapter 26
& self-thinning, 483, 484, 495, 496
structure, 146-152, Chapter 14
(see Architecture, Branching)
Crude protein, 291-293
Cryoprotection, 215
Cubic paraboloid, 143, 155
Cuticle, 259, 260
Cutting cycles, 288, 289
Cuttings, 59, Chapter 9
(see Clones, Vegetative propagation)
Cyanogenic glycoside, 113
Cycling of nutrients, 19, 263, 340, 350,
Chapters 12 & 20
Cytokinesis, 210
Cytokinins,
cambial growth, Chapter 13
embryogenesis, 117
flowering, 388, 392
meristem proliferation, 117, 118
mycorrhizas, 305
organogenesis, 116
root origin, 312
rooting cuttings, 114, 120
Cytology, 209
Cytoplasmic streaming, 307
Cytosol, 257
Day length (see Photoperiod)
Deciduous habit & branching. 236
Decomposers, 317, 318, Chapter 19
Decomposition, 334, 343
Decurrent crown, 231, 236
Dedifferentiation, 110, 118, 119
'De-etiolation', 263
Deflection of branches, 242, 243
Defoliation,
for fodder, 287-289
of oil palm, 176
of tea, 161, 162
Degradation of soils, Chapter 20
Demand for wood, 530, 532
Denitrification, 318
Densification of fuel, 273
Density of planting,
& canopy photosynthesis, 514-517
& competition, Chapter 28
& economics, 531, 535
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& ideotype, 92, 102, 107, 108
& life strategy, 71
in orchards, Chapter 26
& partitioning, 187
of short-rotation poplar, 98
spacing fuelwood trees, 279
& understorey production, 290
yield-density relationships. 23-30,
Chapter 28
Density of wood, 221, 276
Depletion of forests, 534, 535
Desiccation & grafting, 112
Design,
of canopies, Chapter 29
forest economics, Chapter 30
forest symbionts, 323, 324
orchards, Chapter 26
Determination of cells, 209
Diagnosis & design,
of agroforests, 18,23
Diameter relationships. Chapter 10
(see Cambium, Competition, Wood,
Xylem)
'DichotyPe pendulous'. 104
Diet of livestock, 291-293, Chapter 17
Differentiation, Chapter 13
Diffuse porous, 219
Digestibility of fodder, Chapter 17
Dikegulac, 214
Dimensions of trees, Chapter 10
& self-thinning, 495
Dioecious, 177. 402
Diploids, 429
(see Ploidy)
Disbudding, 114
Discounted cash flow, 445, 446
Disease,
resistance breeding, 37, 41, 55,58
Dispersal,
of nuts, Chapter 25
of seeds, 417
Distributions (sec Frequency
distributions)
Diurnal, 472
Diversity of species, 492
DNA, 62, 209, 217, 317
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apical, 114, 237, 247
& competition, 484-487
genetic, 36, 57, Chapter 8
trees in stand, 149
Dormancy,
of axillary buds, 412
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& bud-burst, 81, 86 (see Bud-burst)
of cambium, 214, 215
of flower buds, 414
& flowering, 385, 401, 404, 405
& grafting, 112, 113
& microsymbiosis, 368
& root hormones. 312
& rooting cuttings, 125
Draft animals, 294
Drag coefficient, 462
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optimizing yield, 73, 76, 77
& stomata! conductance, 510
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l'hotosynthesis, Radiation)
Dutch oven, 273
Dwarf (dwarfing)
fruit trees, 51, 53
mutants, 61
rootstocks, 5-9, 62
(see Rootstocks)
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in forest tree breeding, 41, 44, 45
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Earlywood/latewood, Chapter 13
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Ecological combining ability, 107, 492,
494
Ecological flexibility, 15
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breeding objectives. 10, 55
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fruit tree growing, Chapter 26
& wood quality, 512
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enzymes, 85, 86
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abortion, 410-413
embryogenesis, 115-117
& fruit set, 411, 417, 418
screening for resistance, 43
Embryogenesis, 115-117
Embryoldes, 116
Embryo-sac, 60
Employment, 538, 539
Endophyte, 320, Chapter 21
Endosperm, 175, 176, 417, 418
Energy,
from fuelwood, Chapter 16, 548, 549
inputs to crops, Chapter 19
& microsymbiosis, 320-322
(see Radiation)
Engines, 274, 275
Enrichment of soils, Chapter 20
Entisols, 331
Entrainment, 31, 32
Entropy, 500
Enzymes,
breeding fruit trees, 62
cambial activity, Chapter 13
decomposition, 318, 319
rooting cuttings, 119
thermal properties, 84-86
Epidermal cells, 259
Epigenesis, 209
Episodic growth, 82
Erosion of soil, 334, 341, 342
Essential oils, 258-261
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& microsymbiosis, Chapter 21
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'Ethophon' ('Ethrel'), 11 I , 405
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& cambial activity, 213, 214, 219, 220
chemical feedstock, 266
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& rooting cuttings, 124
Eukaryote, 209
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(see Transpiration)
Evergreen habit, 236
Evolution,
of branching patterns, 229
& competition, 481, 493, 494
& crown structure, 245
exudate & extractive functions,
259-263
of forest design, 534
of orchard design, 442, 443. 455
& partitioning, 160
& root systems, Chapter 18
& seed dispersal, Chapter 25
& thermodynamics, 500, 501
of tree crops, Chapter 1
of tree life forms, 70
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Excurrent crown (habit), 98, 231, 236
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Explants, Chapter  9
Extinction coefficient, 195, 451
Extractives, Chapter 15
Exudates. Chapter 15
from roots, 304, 312
fruit trees, 50
hybrids, 40, 41
(see Breeding, I leterosis,
Hybridization)
Fallow period, 340, 341, 350,
Chapter 20
Family,
block planting. 42
breeding, Chapter% 3 & 4
competition among, 494
microsymbionts, Chapter 21
of  Pinus sylvestns,  105
(see Breeding, Progeny)
Farming system. 293, 295
Fatty acids, Chapter 15
Fatty alcohols, 260
Fastigiate, 104
Fertility,
& fruit set, 54, 411, 414, 416
of soils, 19, Chapter 20
(sre Nutrient)
Fertilizers (fertilization).
& cambial activity, 213
& competition, 490
fertilizer shock. 388
& flowering, Chapter 22
& microsymbiosis, 369, Chapter 21
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& roots. Chapter 18
& tropical soils, Chapter 20
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Fibonacci series, 233
Fibre-board, 546-548
Fibres, 215, 216
Fine roots,
carbon budgets, 164-168, Chapters
12 & 18
turnover & nutrition, 170-172,
Chapters 12 & 18, 512
Finland,
growth & temperature, 82
tree ideotypes. Chapter 8
Fire, 261
Fitness (reproductive success), 95
& branching, Chapter 14
role of exudates. 259-262
of multipurpose trees, 15-16
fruiting strategy, 412
(see Adaptation, Acclimatization,
Evolution)
Flavonoids, Chapter 15
Flavour of fruits, 57, 450
Flavouring, 265
Flooding, 392
Flowering, Chapters 22 & 23
date in spring, 54
early induction, 43. Chapter 22
& frost, 74-76
of multipurpose trees, 14-17, 21,
31,32
& orchard design, 454
& rooting cuttings. 125
synchronization, 410, 411
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& tree life cycle, 71
Flushing,
foliation date, 286
of multipurpose trees, 21
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(see Bud-burst)
Fluxes, Chapter 27
Fodder, Chapter 17
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yield-density, 25
Foliage (see Crown, Leal)
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nut-bearing trees, Chapter 25
from trees, 265, Chapter 1
production in tropics, 328
Forage (see Fodder)
Form (of stem), 142-146
Fossil history, 264
Foxtails, 233
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Free energy of activation, 85
'Free' growth, 82
Free-living N, fixers, 317, 318
Freezing,
of ground, 103
of xylem sap, 258
(see Frost)
Frequency distribution,
bimodal tree size, 247, 483
& competition, 482, 483, 487, 488
distribution modifying function,
499, 501
Frost avoidance,
at bud-burst, 80, 81, 86
in fruit trees, 74-76
Frost resistance (hardiness),
apple fruit buds, 5, 74
& exudates, 261
Fruit,
colour, 57, 450, 454
from fodder trees, Chapter 17
maturity date, 75
photosynthesis, 177
quality. 454, Chapter 4
size, 410, 448, 450, 454, Chapter 4
Fruit set, 176, 177, Chapter 24
& flowering time, 54
& orchard design, 451
Fruit trees,
breeding, Chapter 4
growth strategies, 71, Chapter 24
multipurpose, Chapter 2
origins, Chapter I
yield-density, 25
Fruiting,
& competition, 491
& frost, 74-76
& partitioning, 175-179
& pruning, 21
selection responses, 8
source-sink, 14, 15
& vegetative growth, 95, 96,
Chapter 24
Fuel (fuelwood), Chapter 16
biomass production, 23
energy form, 546-549
exudates & extractives, 261
& forest design, Chapter 30
Leucaena,15, 18
light between hedgerows, 30
Fumigation, 319, 323, 369, 370
Fungus (see Mycorrhizas)
Fusiform,
Subject index
cambial cells, Chapter 13
rust, 37, 41, 43
Future demands for wood. 97,
Chapter 31
GA (see Gibberellic acids)
Galactose, 117
Gametogenesis, 411, 418, Chapter 24
Gas,
chromatography, 214
gasification, 274, 275
lysigenous cavities, 259
pyrolysis, 274
Gasohol, 549
General combining ability, 36,
Chapter 3
Genes,
single gene inheritance, 51
transfer, 50
(see Additive, Breeding, Dominance,
Genetic, Mutation)
Genetic,
code, 209
engineering, 222
fitness, 15, 16
gain ef microsymbiosis, 373
improvement, 284 (see Breeding)
testing, 37 (see Early genetic
evaluation)
variance, 36
Genetic variation,
branching, 248, 249
flowering, 406
fuelwood trees, 277-279
nut-bearing trees, 433, 434
symbiont associations, Chapter 21
Genotype x environment interaction,
among clones, 45
early screening, 42
multipurpose trees, 17, 18
selection indices, 18
Geometric mean, 142
Gibberellic acids
cambial growth, 213, 214
cell growth, 216
embryogenesis, 117
flowering, 388-393, 399-405, 414
parthenocarpy, 419
retardants in orchards, 451
vegetative propagation, 114
Gigantism, 60
Girdling (bark ringing), 218, 383-385,
401, 402, Chapter 22
Glvcolvsis, 122
Gr.afting, I I I , 112
& root partitioning, 8
walnuts & pecans, 434, 435
(sec Rootstocks)
Grain legumes, 24
'Grass' stage, 399, 400
Gravimorphism, 403, 405, 421, 451
Gravity,
centre of gravity & stem form, 145
& flower fertility, 414
& rooting cuttings, 125
Grazing, 70 (see Brow-zing)
Growing season (see l'henology,
Scason)
Growth cessation (see Bud-set)
Growth regulators (unspecified),
cambial activity, Chapter 13
fruit bud initiation, 413, 414, 454
& grafting, 113
& parthenocarpy, 419
from roots, 312
& sinks, 413
use in orchards, 449
(sec Abscisic acid, Auxins,
Cytokinins, Ethylene & Gibberellic
acids)
Growth retardants, 421
Guanidines, 387
Gum arabic, 265
Gums, Chapter 15
Hardiness (see Drought, Frost)
Hartig net, 364
'Harvest increment', 162-164, 184
Harvest index,
defined, 161
of fruit trees, 453
of ideotypes, 92, 93, 95, 98, 103
of multipurpose trees, 24
of tree crops, 68, 161-164
yield selection, 6, 8, 10, 68, 87
Harvesting,
of fruits, 442-445
nutrient removal, Chapter 20
short rotation poplar, 99
Heartwood, 148, 150
Heat, Chapter 16
Heavy metal tolerance, 360, 366
Subject index 581
Hedgerows,
multipurpose trees, 24, 28-30
orchards, Chapter 26
Height,
& coupling to atmosphere, 72,
Chapter 27
dimensional relationships,
Chapter 10
tree life form, 70, Chapters 24 & 27
Hcmicellulose, 217, 221, 275
Hemicryptophyte, 406
Herbicides, 61,94
Heritability,
of crown form, 104-106
traits of  Pinus ntestris,  105, 106
in tree breeding, 37. Chapter 3
(see Additive, Breeding, Dominance,
Genetic)
Heterogeneity, 481, 501
Heteroplastic grafts, 112
I leterosis, 40, 51, 417, 418
Heterozygosity, 413, 418, 419
Histochemistry, 210
Histosols, 331
Holism, 499-501
Home gardens, 26
Homeoplastic grafts, 112
Ilomoscedasticity, 140
Hormones (see Growth regulators)
Host, tree as fungal host, Chapters 18,
19 & 21
Hybrid vigour (see Heterosis)
Hybrid iZat ion,
forest tree breeding, 39-41
fruit tree breeding, Chapter 4
of nut-bearing trees, 429, 435
Hydraulic conductivity, 307
Hydrogenolysis, 275
Hydrology, Chapter 27
Hydrome sap, 263
Hygroscopicity, 546, 547
Hy..phae, 306,307, 311
Hypocotyl, 115
Hypostomatous, 463
IAA (see Auxin)
IBA (see Indole butyric acid)
Ideotypes,
& breeding objectives, 10, 70
& competition, 497
of forest trees, Chapters 7 & 8, 476
582 Subject index
modelling. 323
of multipurpose trees, 21-23
root characteristics. Chapter 18
Ignition, 276, 277
Inbreeding,
& fertility, 421
forest tree breeding, 38, 43, 45,
Chapter 3
fruit trees, 51, 409, 410. 414
tree crops, 4-6
Inceptisols, 331, 350
Income, Chapter 30
Incompatibility (see Grafting)
Index selection, 10, 18
Indole acetic acid (see Auxin)
Indole butyric acid, 120
Indole phenolic complexes, 120, 121
Induction of flowering, Chapter 22
Infertility. 8
Infiltration, 341
Inflorescences, 16
Inheritance .see Heritability)
Inhibition of flowering, Chapter 24
Inhibitors (unspecified.), 119
Initial, cambial initial concept. 211
Initiation,
of flowers (see Flowering)
of leaves, 81
Inks, 265
Iniwu lation,
with microsymbionts, 320,
Chapter 21
screening for resistance, 56
Inositol. 214
Insect repellance, 262 (see Pest's)
Insulation kce Light)
Intensive culture,
fruit growing, 53, Chapter 26
root 'costs', 313
short rotation poplar, Chapter 7
Interception,
of light (see Light interception)
of rainfall, 76, 77, 103, 334, 474, 475
(see Rainfall)
Intercropping, 26, 28, 335-337
Interest on investment,
in orchards, 445, 446
Interfaces, 27
Interfascicular, 209
Intermittent (periodic) shoot growth,
174
Internal rate of return, 446
Internodes, 98
Interspecific hybrids (see
Hybridization)
Interstocks,
& flowering, 392
fruit tree breeding, 50
incompatibility, 113
Intraspecific competition, 493, 494
Inventory, 537
Investment, 541, 542
In  vitro culture, Chapter 9
Ion uptake, 308-311
Irradiance (see Light)
Irradiation, Inducing mutation, 61
Irregular flowering. Chapters 23 & 24
Irrigation, 71, 173, 435, 477
Isolates, of microsymbionts, Chapter 21
Isogenic lines, 73
Isozymes, 85
Jays (birds), 430-432
Jurassic, 264
Juvenile (juvenility)
early fruit cropping, 447
& fruit tree breeding, 52, 57
& fruiting, Chapter 24
& mycorrhizus, 362
phase in trees, 71, Chapter 22
& rooting cuttings, 126
(see Longevity, Precocity)
Juvenile-mature correlations, 95
Kilns, 273
Kinetics, of enzymes, 85
'Kino' ducts, 258
K-strategy, 303
Labour,
& economics, 539, 542
in fruit orchards, 442-445
harvesting fodder, 283
& poverty. 537, 539
Lactation, 292
Lambert-Beer's Law, 195
'Lampbrush', 233
Land race, 434
Land usc system, Chapter 2
Latent heat, 463. 464
Laterite, 332
Latewoodlearlywood, Chapter 13
Latex, 180, Chapter 15 (see linea  in
Species Index)
Laticifers, 257
Latitude, 83, 181, 219
Layering, III, 113, 114, 127
Inching,
role of exudates, 261, 263
of nutrients, 350-352, 354
Leaf abscission, 95 (see Abscission,
Longevity)
Leaf adaptation,
to drought, 17
to temperature, 87
Leaf angles, 509
Leaf area & self-thinning, 484, 497
Leaf arca duration,
of conifers, 103
& fruiting, 54
Leaf arca index,
in canopy models, 509-510, 513-518,
520
& competition, 489, 490
with forest age, 247, 485
in fruit orchards, 45, 46
& light interception, 80, Chapter 29
in model of forest growth, Chapter 12
effect of nutrient, 171
& wood production, 484. 485, 492
Leaf characteristics, 92. 98
Leaf coupling to atmosphere.
Chapter 27
Leaf demography, 509
I  xaf  (foliage) density, 509, 514-518
Leaf longevity, 102 (see Abscission,
Branching, Crown)
Leaf ratios to roots, etc, Chapters 10 &
I I  (see  Partitioning)
Leaf, rooting cuttings, 121, 122
Leaf size, 466
Leaf specific weight, 92
I.egume,
cover crops. 335-337
fallows, 350
fodder. 293
N, fixation, 319, 320, Chapter 21
Leptome sap. 263
I.ibriform fibres, 220
Light,
absorption by exudates, 260
adaptation to, 16, 17
in canopies, Chapter 27
Subject index 583
& flowering, 384, 385
& orchard design, 450-455
& partitioning, 173, 181
& rooting cuttings, 123
& wood deYelopment, 215, 219
Light interception,
& branching, 92, 93, 240-242
& crown structure. Chapter 14
in fruit orchards, 412, 421, 450-455
& fruit yield, 75
between hedgerows, 30
of ideotypes, 103
models of, 195, 508-509, 513-518
& tree life form, 70
& yield, 80, 87, 162. Chapter 12
Lignification, Chapter 13
Lignin, 217, 275, 491, 546
Lignotubers, 1 II
1.ipids, 432, 491
Litter (litterfall),
in carbon budgets, 164-168, 196
of gymnosperms, 19
of  Leucaena, 15
& tropical soils, Chapter 20
(see Fine root turnover)
Livestock, fodder for, Chapter 17
Liveweight gain, 292, 293
Logging, 103. 335
LOgistic function, 154, 497, 499
Lognormal distribution, 140. 142, 482,
483
Longevity,
& exudates, 262
& fruiting, 417, 419, Chapter 24
of leaves, 119, 249, 312
of microsymbionts, 373, 374
tree life strategy, 70, Chapter 24
Long shoots, 230, 239, 385, 403
Lopping for fodder, Chapter 17
Lotka-Volterra equation, 488
Lozenges, 265
Lubricants, 265
1.utoids, 257
Lysigenous cavities, 258
Lysimeter, 474, 477
M9, M27, M106, etc (see Rootstocks)
Maiden tree, 52
Maintenance respiration (see
Respiration)
Mannitol, 116
584 Subject index
Manure, 293-295
Marcottage (air layering), 114
Markets,
& economics, Chapter 30
for fruits, 50, 62
Mass flow,
in fungal hyphae, 307
in phloem, 257
Mass selection,
in forest tree breeding, 37
in fruit tree breeding, 49, 50, 58
Mass transfer,
in tree canopies, 72
Mast years, 164, 430
Maternal effects, 104
Mathematical models (see Models)
Maturity (maturation),
defined, 399-401
& flowering, 75, 389
(see Ageing, Longevity)
'Meadow' orchard, 443, 454, 456
Mechanics (mechanical),
of branching, 242, 243
harvesting fruits, 443, 444
stress & partitioning, 185
& tree dimensions, Chapter 10
Mechanistic models (see Models)
Media, 115, 117, 118
Medicines, from trees. 265
Meiosis, 209
Membranes (of cells), 84, 85
Mensuration, Chapter 10
Merchantable timber, 25
Meristematic activity. 389. 390, 414
(see Apex, Buds)
Meristems, 117, 118, 411
Mesic, 175, 229
Metabolism, at low temperatures, 84-86
Methanol from wood, 274. 275, 549
Michaelis constant (Km), 85
Michaelis-Menten kinetics, 154, 309
Micronutrients, 334, 345
Micropropagation, 18, Chapter 9
Microsymbionts, Chapters 19 & 21
Microtubule, 214
Middle Ages, 283
Mineral nutrition (see Nutrition)
Mineralization in soils, 201, 204, 318
Mitochondrial matrix, 257
Mitosis, 391, Chapter 13
Mitscherlich growth curves, 144
Mixtures,
transpiration of, 477, 478
of tree species, 94, 107
of trees & crops, Chapter 2, 94, 323
yields of, 492
;see Agroforestry)
Models (mathematical & word),
& agroforestry research, 31
of apple fruit yields. 75
of assimilate partitioning, 153, 154,
168-170, Chapter 12
of branching, 92, 404, Chapter 14
of bud-bunt date, 80, 81
of canopy assimilation, Chapter 29
of competition, 494-501
of coupling with atmosphere,
Chapter 27
of crop & forest growth, 168.
Chapter 12
of dimensional relationships,
Chapter 10
of ideotypes, 73, Chapters 7 & 8
of light between hedges, 30
of maximum yield, 323, 324
of partitioning in nodulated plants,
321, 322
of shoot growth, 82
of soil changes, 324, 330, Chapter 20
of tree/crop combinations, 20
of tree growth, 185
Modular units, 103, 105,•I06
Mollisols, 331
Monoculture (see Mixtures)
Monoecious, 402, 403
Monogenic inheritance,
of crown form, 104- 106
of scab resistance, 56
(see Dominance)
Monopodium, 229-231
Monsoon, 114
Morphactin, 218
Morphogenesis. 390, 391, 404, 405
Morphology,
branching structures, 230-232
of multipurpose trees, 14-16
Mortality, 93, 94, 483-497
Mucigel, 307
Mucilage, Chapter 15
Mucilage ducts, 258
Mulching, 341
Multipurpose trees (MPTs)
(see Agroforestry)
Multitrait selection, 18
Multivariate models, 146
Mutants (mutation),
of beans, 91
crown form, 104
& evolution, 501
fruit colour, 454
fruit trees, 61, 63
induction of, 50
for research, 73
Mycelium (see Ityphae, Mycorrhizas)
Mycoplasma, 222
Mycorrhizas,
& exudates, 262
& tree mixtures, 493
& root functioning, Chapter 18
& rooting cuttings, 125
as symbionts, 341, Chapters 19 & 21
NAA (napthalene acetic acid), 118, 120
N, fixation (see Nitrogen fixation)
'N' phase, 257
Narrow-crowned trees, Chapter 8
Natural regeneration, 535
Natural selection (see Evolution)
Necrophages, 261, 263
Needle (sec Crown, Leaf)
Negentropv, 500, 501
Neiloid, 143, 145
Nematodes, 59, 62 (see Frankia  in
Subject Index)
Net assimilation rate (see
Photosynthesis)
Net present value, 446
Net radiation (see Light)
Nitrates,
& flowering, 387
reduction of, 310
Nitrification, 263
Nitrogen,
cycle, 263 (see Nutrient)
xation, 94, 262, Chapters 19 & 21,
493, 500 (see Legumes, Nodules,
Rhizobium,  etc)
flowering & fertility, 386, 388, 416
nutrition, 170-172, Chapters 12 & 20
(sec Nutrition)
& rooting cuttings, 122
Nitrogenase, 366 (see Nitrogen fixation)
Nodules, Chapters 19 & 21
Nonadditive genetic variance, 36,
Chapter 3
Nucellar seedlings, 58, 60
Nucellus, 116,418
Subject index 585
Nurseries,
& microsymbionts, 319, 322,
Chapter 21
Nut, defined, 426
Nut-bearing trees, Chapter 25
Nutrient (mineral),
cycling, 19, 263, 340, 350, Chapters
12 & 20
fruit tree demand, 176-179
ideotype demand, 103
mobility, 310
removal from site, 19, Chapter 20
rootstock selection, 58
uptake by roots, 308, 313
wood content, 181
(see Cycling of nutrients)
Nutrition (mineral),
exudates, 260, 261
flowering, Chapter 22
fruit set, Chapter 24
microsymbiosis, Chapters 19 & 21
of mixtures, 493
partitioning, 169-171, 181-183,
Chapter 12
root growth, Chapter 18
tropical soils, Chapter 20
wood formation, 222
Nutritive value of fodder, 291, 292
0
Oils,
crude, from wood, 275
essential & fatty, Chapter 15
Oligosaccharides, 257
Omega factor, Chapter 27
Optimum,
control theory, 76, 196
planting density, 21, 25
suboptimal environments, Chapter 5
yields, 24
Orchard,
fruit trees, 53, 70, Chapter 26
nut-bearing trees, 429, 432-435
transpiration, 478
Organic matter in soils, Chapter 20
Organogenesis, 115, 116
Orientation of hedgerows, 30
Origins of tree crops, 5
Ortet, 39
Output,
from fruit orchards, 443-450
Overstorey, 94, 478
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(see Mixtures)
Ovule, 418
Ownership, 540
Oxisols, 331, Chapter 20
Ozone, 264, 324
'P' phase, 257
Palatability of fodder, Chapter 17
1'aleobotany, 282
Palmette system, 442, 449
Pannage. 283
Paper, 547, 548
Paraboloid stems, 143, 145
Paracladial relationships,
of branching, 233
Paracone, stem shape, 145, 146
Paradigm, 501, 502
Parenchyma, 112
Parthenocarpy, 8, 54, 419, 421
Particle-board, 546, 547
Partitioning of assimilates,
Chapters 11 & 12
carbon budgets, 164-168, 173,
Chapter 12
& competition, 490, 491
in ecozones, 24
to fruits, 71, 175-179, 450, 451, 453
in Hevea,7, 180, 266, 267
& microsymbiosis, 320-322
models of, 153, 154, 168-171,
Chapter 12
to roots, 76, 304, 305, Chapters 11
& 12
(see Assimilates, Harvest indcx)
Pathogens, 98, 360, 364, 481, 493
Pectin, 217, 221
'Pendtila' birch, 103, 104
Perennial habit (& tallness), 70,
Chapters 5, 24 & 27
Perforation plate, 217
Perfume, 265
Periodic,
flowering, 404-406
shoot growth, 174
Peroxidase, 113
Pests, 55-57, 96, 481, 491
Petroleum,
feedstock, 265, 266
from wood, 275
pH,
of cells, 212
& fruit quality, 57
of media in vitro, 116-118
& mixture performance, 492
tolerance of microbes, 363-365 368
of tropical soils, Chapter 20
Pharmaceuticals, 549
Phase change,
& flowering, 399-401
& rooting cuttings, 126
(see Ageing, Juvenility)
Phellogen, 412
Phenology,
& flowering, 404-406
& fodder, 286
of ideotypes. 95
of multipurpose trees, 21, 27, 31, 32
(see Bud-burst, Bud-set. Scason)
Phenols, 120, 491, Chapter 15
Phenotypic plasticity, 15, 94, 97, 107
Pheromones, 262
Phloem,
assimilate flow, 178
development, Chapter 13
& grafting, 112, 113
(see Cambium)
Phloridzin, 117, 120
Phloroglucinol, 117, 118
Photoinhibition, 260
Photon flux density (see Light)
Phosphorus (phosphate)
& microsymbionts, Chapter 21
in tropical soils, Chapter 20
uptake, 31, 172, 173, Chapter 18
Photoperiod (daylength),
bud-burst, 81
flowering, 401, 405, 406
growth of birch, 83
juvenility, 52
xylem development, 219
Photorespiration, 91, 467
Photosynthates (see Assimilates, "C-
labelled)
Photosynthesis (Assimilation),
branching & crown form, Chapter 14
canopy models, Chapters 27 & 29
carbon budgets, 164-168, 173,
Chapter 12
& competition, 484, 489, 490
crop domestication, 160
& flowering, 384, Chapter 22
by fruits, 177, 179
genetic improvement, 86
& hormones, 312
of ideotypes, 91
by leaf & canopy, 466, 467, 471-473
by microbes, 317, 318
& rooting cuttings, 121, 123, 124
sink-source feedback, 93, 177
& temperature, 81-84
& water stress, 308
(see Partitioning)
Phytometric units, 92
l'hytophages, 262
Pipe model theory, 150-152
Plagiotropic branching, 231
Plantations,
tropical trees. Chapter 20
(see Orchard, & Species Index)
Planting density (see Density)
Plasma lemma, 259
Plasticizers, 265
Plastid stroma, 257
Plinthite, 332
Ploidy, 209 (see Polyploidy, Tetraploid,
Triploid)
I'lucking tea, 161, 162, 179, 180
'Plus' trees, 102, 107
Plywood, 535, 546, 548, 549
Pod production, 289, Chapter 17
Poiseuille's Law, 307
Polarity, 210, 389, 390
Pollarding, 22, 279
Pollen, 264 (see Flowering)
Pollen cones, 390, 391
Pollen tube, 54
Pollination,
& breeding, Chapter 3
essential oils, 263
& flowering, 410
& fruit set, 54, 410
of nut-bearing trees, 433
supplemental, 39, 41, 42, 44
& triploids, 60
(seeFruit set)
Pollinator trees, 429, 446
Pollutants, 324
Polycyclic shoots, 405
Polyembryony, 8, 117
l'olygenic inheritance, 55, 105,
Chapters 3 & 4
Polymorphism, 233
Pol:vnomials, 139, 143, 144
Polyphenol oxidase, 120
Polyphosphate granules, 310
Polyploidy, 4, 59-61, 217, 413
Polysaccharides, 114, 221, 222, 258,
264
Subject index 587
Population (see Competition, Density)
Porometry, 513
Porosity of soil, 340, 343, Chapter 20
Poverty, Chapter 30
Power function, 140, 141, 496
Precocity,
& breeding. 50, 51
& flower induction, Chapter 22
in fruit orchards, 447, 448
of fruit trees, 58, 59
(see Juvenility)
Predators, 411, 412, 430
Predetermination,
of differentiation, 209
of shoot growth, 82, 400-402
Pressler's Law, 185
Prices, Chapter 30
Primary cell wall, 215, 216
Primary production, 23, 24, 68, 93,
285-291, Chapters 11 & 12
(see Biomass, Partitioning,
Photosynthesis)
Primordia, 82, 385, 386, 389. Chapter 9
(sce Branching)
Principal component analysis, 146
Procambium, 209, 210
Production function, 529, 530
Profit,
from fruit orchards, 449
Progeny,
branching of, 248
flowering of, 398, 406
fruiting of, 417
trials (tests), 8, 37, 51, 103, 279
(see Family)
Proleptic branching, 231
l'ropagation (sec Vegetative
propagation)
Protein (crude) in fodder, 291-293
Protophloem, 216
Protoplast culture & fusion, 61, 62, 116
Protoxylern canals, 258
Provenance,
of fuelwood trees, 277
& heterozygosity, 413
of multipurpose trees, 14, 15, 17
partitioning in, 174, 175
seed production, 398
& soil conditions, 309
transfer of, 95
(see Ecotypes)
Prunasin, 113
Pruning,
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& ageing. 400
of conifer ideotypes, 103
& fruiting. 410. Chapter 26
of multipurpose trees, 20, 21, 28
& partitioning, 518-519
of roots, 384, 385, 390, 391
& rootishoot ratio, 174
self-pruning, 484
& stem thickening, 239
& wood quality, 512
Pulp, Chapter 31
Pyroligneous liquid, 274
Pyrolysis. 274
Quadratic paraboloid, 144
Quality,
of fodder, Chapter 17
& fruit breeding, 53. 55, 57, 58
of fruits, 444, 450, 451
& harvest index, 161, 162
of wood. Chapter 13
Quantum yield, 511
Quarantine, I I
RNA, 217
Racial variation (see Ecotypes,
Provenance)
Radial files of wood cells. Chapter 13
Radial growth (see Cambium)
Radiation (see Light)
Radio-isotopes (see "C)
& drought tolerance, 76, 77
interception, 76, 77, 103, 334.
Rainforest,
carbon budget, 187
productivity, 492
soils, Chapter 20
transpiration, 478
Rays, 112, 215
Reaction wood, 231
Reafforestation (see Establishment)
Recessive genes, 51
Reciprocal,
grafting, 112
recurrent selection, 40
yield law, 24, 107
Reclamation, 323, Chapter 21
Rectangularity, 25, 28-30
Rectangular hyperbola, 143, 155
Recurrent selection. 38, 96
Reflectance & waxes, 260
Regeneration, 289
Rejuvenation (reinvigoration),
110, 126, 127, 4110
Relative growth rate & competition,
487, 488, 499
Relative molecular weight, 256
Relay cropping, 293
Replacement series. 20, 494
Replant problems, 19, 59
Reserves (see Storage)
Resin ducts, 258
Resins, Chapter 15, 549
Resistance,
assimilate transport, 168-170, 178
bending of stem, 143
boundary layer, 464-469
in canopies, Chapter 27
diseases, 37, 41, 55, 58
water flow in roots. 308
(see Conductance)
Respiration,
in canopy models, 511. 513
in carbon budgets, 164-168,
Chapter 12
& CO, fluxes. 467, 473
& competition, 485, 486, 489
& crown form, 238
in model of forest growth, 195-199
of perennial structures, 70, 412
& rooting cuttings, 124
of roots, 305
of symbionts, 321
& temperature, 82, 84
Retardants, 388. 451
Rhizomes, III. 114, 115
Rhizosphere, 317, Chapters 18-21
Richards function, 497
Ring barking (see Girdling)
Ring porous, 219
Ring width, 185 (see (ambium)
Root abundance, 201, 305-308, 310,
311
Root hairs. 311
Root pressure, 258
Root/shoot relationships, 98, 154,
168-175, 312, 313, Chapter 12
Rooting of cuttings, 118-127
Roots,
branching of, 246
depth, 19, 477
diseases in fruit trees, 56 (see Disease)
& flower induction, 391, 392
of ideotypes, 76, 98
& partitioning, 76, 92, Chapters 11
& 12
respiration, 305, 511
of rootstocks, 58, 59 (see Rootstocks)
secretions, 19
selection response, 8
& tree productivity, Chapter 18
(see Fine roots, Mycorrhizas,
Vegetative propagation)
Rootstock,
of apomictic species, 60, 61
& breeding, SO, 58-59, 62
effect on flowering & fruiting, 392,
410, 421, Chapter 24
grafting of, 1 I 1, 112
& intensive culture. 53
& juvenility, 52, 410, 421
nutrient storage, 310
in orchards, Chapter 26
& rooting cuttings, 120
roots of. 421
Rotation,
& ageing. 95, 96
soil changes, Chapter 20
Roughness length, 462
Roundwood production, 272
r-strategy, 303
RuBP carboxylase, 85
Runoff, 334, 341, 342
Sahel, 287, 290, 293
Salt tolerance, 61, 363, 365
Sap, 213, 216, 254-258. 263
Sapwood,
foliage/sapwood, 147, 148
pipe model theory', 150, 151
& wood properties, 546
Saturation vapour pressure (deficit),
464, 467-476
Sawdust, 273
Sawnwood, 546, 547
Scarcity, 531, 534, 541
Schizogenous cavities, 258
Scion, I 1 1, 112, 120
(sre Grafting, Rootstock, Rooting
cuttings)
Screening, Chapters 3 & 4
for disease resistance, 56
Subject index 589
for physiological traits, 73
for triploids, 60
(see Early genetic evaluation)
Season,
cambial activity, Chapter 13
flowering, 404, 405
fodder yield & value, Chapter 17
length  ik  yield, 74-76
& life strategy of trees, 70-72
& mycorrhizas, 360
partitioning, 174, 175
phenology, 21,95
photosynthesis, Chapter 29
rooting cuttings, 125
water use, 308
(see Phenology)
Secondary cell wall, Chapter 13
Secondary metabolites, Chapter 15
Seed,
dispersal, 430-433
& fruit set, 418, 419
gibberellin source, 414
production & stress, 69, 71
sinks, 175, 176
size, 417. 430
of triploid trees, 60
viability, 398
(see Seed orchards)
Seed cones, Chapter  22
Seed orchards,
& breeding/selection. 37, 39, 41, 44,
96, 103
& flowering/fruit sct, 96, 103. 323,
387, 398
Seediness, 8
Seedlessness, 57
(see Parthenocarpy)
Seedlings, & microsymbionts,
Chapter 21
Seed-set (see Fruit set)
Segregation (genetic), 104-106
Selection, Chapters 2-8
Self-compatibility (fertility), 38, 54
Self-thinning, 107, 483, 484, 491,
494-497
Scnescence, 410 (see Ageing, Juvenility)
Sensible heat transfer, 463, 464
Seral stages, 175
'Serial adjustment', 411, 416-418
Sex of flowers, 177, 402, 403
Shading,
branching, 237, 240, 241
competition, 484, 485
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& fruiting, 416
orchard design, 450-455
root/shoot, 172-174
rooting cuttings, 123
tolerance, 492
(see Light interception)
Shape of stem, 142-146
Shifting cultivation, 19, 340
Shilumate pathway, 256
Short rotation, 97-99
Short shoots, 230, 239, 403, 415
Sibling (see Family)
Siderophores, 309
Sieve areas, 216
Sieve tubes, 175, 257, Chapter 13
Silviculture,
& branching, 249
growth models, 521
ideotypcs, 94, 97, 103, 107, 108
& microsymbionts, Chapter 19
& yield improvement, 89, 90
Silvopastoral systems,
fodder trees, 289, 290, Chapter 17
tree models, 508, 513-520
Sinks,
competition between, 15, 17, 411,
Chapter 19
dynamics, 92, 93
& partitioning, 153, 154, Chapter 11
priorities, 413, 414
strength, 95, 175, 178
symbionts, 321, 322
temperature, 81
(see Partitioning)
Skewed distributions, 482, 487, 488
Slash & burn, Chapter 20
Slenderness ratio, 148
Smoke from wood, 273, 276
Snow loads, 92, 103
Social sciences, Chapter 30
Soil, of tropics, Chapter 20
(see Microsymbionts, Nutrition,
Roots)
Solar radiation (see Light)
Somaclonal variation, 9, 116
Somatic hybrids, 105, 116
Spacing (see Density)
Spatial separation,
branches, 92
male & female flowers, 401403
& seed dispersal, 430-432
vegetative & reproductive, 413-415
Specific activity, 169, 170, 179
Specific combining ability, 36,
Chapter 3
Specific gravity (see Density)
Specific leaf area, 17, Chapter 12
Specific pipe length, 150
Specific stress length, 152
Specificity of microsymbionts,
Chapter 21
Spindlebrush tree, 442, 443
Splined polynomials, 144
Spodosols, 331
Spores, 365, 371
Sporopollenin, 264
Spring,
bud-burst & frost, 74-76, 80, 81
Spur habit, 53, 415, 451
Squirrels, 431-433
Stagnation, 491, 493
Stakes, 449, 450
Starch (see Carbohydrate)
Stem form, 102, 103, 142-146, 484
Sterile culture, 115, 216
Sterility, 410, 418
Stocking density (see Density)
Stockplants for cuttings, 119-127
Stomata (stomatal) '
conductance, 71, 123, 260,
Chapter 27
& drought tolerance, 76, 77
fluxes, 467, Chapter 27
responses, 92
rootstock selection, 58
Stoolbed, 114
Stooling, 113, 114, 127
Storage (reserves)
& cambial growth, 213
of fruits, 57, 450
& grafting, 112
nutrients in trees, 310, 340, 341, 387
of nuts, 430-433
& rooting cuttings, 121
storage-pool model, 169, 170
& symbionts, 319, 321
Stove (wood burning), Chapter 16
Stratification, 115
Stress (see Adaptation, Density,
Drought, Frost, Salt, etc)
Stringency of fruits, 57, 58
Subenzation, 307, 309
Sublining, 38, 39
Subsistence,
agriculture, 31
needs, 541
Subsoil, Chapter 20
Succession,
& branching pattern, 236, 237
& combining ability, 492
of mycorrhizal fungi, 362, 370, 371
Suckers, 1 1 1
Supplemental mass pollination, 39, 41,
42, 44 (see Pollination)
Supply & demand, Chapter 30
Suppression, 247, 248. Chapter 28
Sustainability, 18-21, 541
Sylleptic branching, 117, 231
Symhionts, Chapters 18-21
& exudates, 262
& mixtures, 493
Sympodium, 229-231
Synthesis gas, 274
Systems analysis, 28
Tallness (see Height)
Tanning, 265
Tannins, 291, 491, Chapter 15
Taper, 102, 142-146, 242
Tapping (rubber), 180. 266, 267
Taproot, 432
Taungya, 336, 337
Taxonomy, 263. 278
Temperature,
adaptation to, Chapter 6
cambial growth, 214
& exudates, 261
& flowering, 53, 54, 404-406,
413-415. Chapter 22
isohyperthermic, 330
& mycorrhizas, Chapter 21
& respiration, 511
& rooting cuttings, 124, 125
of soil, 334, 363
in suboptimal environments,
Chapter 5
(see Adaptation, Frost. Season)
Tensionwood, 218
Terpenes, 491
Terpenoids, Chapter 15
Tetraploid, 60
"fhermodynamics, 491, 499, 500
Thermostability, 85, 86
Thigmomorphogenesis, 185, 186
(see Bending)
Thinning,
& cambial growth, 213
Subject index 591
& canopy conductance, 510
& competition, 487-490
flowering response, 384, 385
of flowers & fruits, 415, 422
of fuelwood trees, 279
& ideotypes, 94, 103
& leaf arca index. 199
& partitioning, 185, 518-520
& wood quality. 512
(sec Abscission, Competition, Self-
thinning)
Tip bearers, 21
Tissue culture, 61, 406
Tools, fuelwood cutting, 279. 280
Topophysis, 115, 126. 127
Totipotency, 110, Chapter 9
Tracheids, 257, Chapter 13
Tracheophytes, 264
Training fruit trees, 442
Trans<innamic acid, 19
Translocation,
of auxins, 119
to fruits, 175, 176, 415
of CA, 389
& grafting, 113
(see Partitioning)
Transpiration,
& coupling to atmosphere, 70,
Chapter 27
& exudates, 260
leaf adaptations, 16, 17
protoxylem canals, 258
& rooting cuttings, 121-123
& stem form, 143
& thinning, 489
Traumatic gum ducts, 258
Trellised system, 443
Triploids, 60, 419, 421
Tritiated water, 307
Tropical,
respiration, 83
soils, Chapter 20
(see Rainforest & Species Index)
Turgidity, 112
Tylose, 148
Ultisols, Chapter 20
Ultraviolet light, 260, 264
Understorey production, 289, 290
(see Overstorey)
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V
Vacuum infusion 116
Value,
concept, 531
of tree parts, 161
(see Economics)
Vapour pressure deficit, 462-464, 510
Vegetative propagation,
& ageing, 400
& breeding, 43. 44, Chapter 3
of fruit trees, 51, 61, Chapter 24
methods, Chapter 9
of spruce, 104, 105
(see Rootstocks)
Vegetative yield. 179, 180
Vertisols, 331
Vesicular-arbuscular mycorrhizas
(see Mycorrhizas)
Vessels, 148, 257, Chapter 13
'Virtual origin', 242, 243
Virus, 56, 57, 59, 112
Vitamins, 57, 292
Voles, 59
Volume tables, 139-142
Water,
content of fuelwood. 276
fluxes, leaves & canopies. 16, 17,
Chapter 27
logging, 392, 489
& mycorrhizas, Chapter 18
potential, 91, 125, 308 (see Water
stress)
& rooting cuttings, 123
uptake, 307, 308, 319
Water stress,
& crown structure, 245
& flowering, 386, Chapter 22
root/shoot, 172-174
shoot growth, 174
(see Drought)
Water use efficiency, 72, 308
Waterproofing, 260
Waste lands, 318
Wax, Chapter 15, 548
Wealth, Chapter 30
Weeds, 94, 103
Weibull distribution, 149
Whole-tree harvesting, 103, 161
Whorls, 106, 149, 246, 247
(see Branching)
Wild species,
& breeding, 52, 54, 59,90
tree crops, 3, 4, II
Wind sway, 185, 186, 213, 214
(see Bending)
Windspeed,
& coupling to atmosphere, 466.
Chapter 27
Wood,
formation, Chapter 13
as fuel, Chapter 16
partitioning, Chapters II & 12
products, 94, 95, Chapter 31
properties, 545-548
Wood quality,
branching, 92
growth models, 512
ideotypes, 98, Chapter 8
research needs, 220-222
& wood formation, Chapter 13
Wound (wounding),
cambial growth, 214
exudates, 258
pheromones, 262
rooting cuttings, 119
X
Xeric, 175, 229, 430
Xylem (see Cambium, Wood)
Xylem sap, 254
Yield,
definition, 161, 162
density curves, 447, 448
of fruits, 75, 78, Chapter 26
Zeatin, 118, 214, 312
Zinc, 364, 366
Zygote, 209
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